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PREFACE. 



This book exhibits an entirely modem graphical treat- 
ment, by ihe method of influence lines, of simple statically 
determinate stnictures such as brii^es and roof -trusses, 
three-hinged arches, cantilevers, and other constructions 
of the same general class. The simplicity, elegance, and 
generality of procedures by influence lines and areas afford 
quick and eminently practical methods of computing 
Stresses in all forms of trusses, whether with stra^ht, 
curved, or broken outlines and with any single or multifde 
systems of bracii^, whether square or skew, or with any 
manner of loading whatever. The ease and clearness 
with which the greatest stresses, both main and counter, in 
web and chord members, may be determined for any 
specified system of loadir^ has already brot^ht the treat- 
ment into general use in practical structural design. Taken 
as a whole the method commends itself not only as a 
ample universal system of analysis, but also as a remark- 
ably labor-saving means of making computations in struc- 
tural work. Some knowlet^e of elementary algebraic 
methods, including the method of moments or sections, 
is required, but nothing more. 

The graphical method of finding the deflections of all 
p(mits of trusses and other structures, given in Chapter V, 
has also marked advantages of extreme simplicity, gen- 
erality, and saving of labor, when compared with the alge- 
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braic method. The eflfect of the strain in every member 
of the structuM has its proper place and value in the final 
result, thus securing complete accuracy. 

The reader of the book will find that the methods of 
treatment set forth in it cover plate girders and solid 
beams, as well as articulated or jointed structures like 
ordinary bridge- and roof-tnisses. The stresses in roof- 
trusses caused by the flexure of the supporting coltunns 
are treated in detail. 

Sufficient problems are introduced to illustrate clearly 
the practical applications of the various methods of treat- 
ment, but it should always be borne in mind that the 
greatest advantage will accrue to those students who work 
out original problems and make independent practical 
applications. 

The same general observations hold in connection with 
the complete design of the members of a railroad bri<^e 
given at the end of the book, to which, in the determination 
of the stresses, the previously deduced methods are appUed. 

The application of these lines to statically indeter- 
minate structures, such as two-hinged and fixed ended 
arches, swing bridges, suspension bridges, and certain 
types of cantilevers, will appear in another volume. 

W. H. B. 
U. S. F. 

CoLOicBu XTmivcbsity, Fdmiur i, 1905. 
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PREFACE TO THIRD EDITION. 



In preparing this edition the authors are indebted to 
professional friends for suggestions regarding changes and 
typographical corrections in a number of articles, and they 
desire to express their appreciation of these courtesies. In 
addition to these suggestions, pages 48 to 59 have been 
entirely rewritten so as to give a complete and essentially 
accurate treatment of the bending stresses in columns 
supporting roofs or buildings which at the same time is 
simple and easily used in the practical operations of 



All typographical corrections have been made so far as 
they have been known to exist. 

W. H. B. 
M. S. F. 

August 37, 1 913. 
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GRAPHIC METHODS FOR BRIDGE AND 
ROOF COMPUTATIONS. 



GENERAL PRINCIPLES OF GRAPHIC STATICS, AND AFPU- 
CATION TO ROOF-TRUSSES. 

Graphic statics is an adaptation of graphical methods 
to tiie study of statics, so that the values of quantities 
otherwise found algebraically may be detennined by the 
aid of geometrical dii^rams or figures. 

Art. X. — DeflnhUms. 

A force is completely known when its magnitude, 
direction, and point of application are given, but the line 
of action without the point of application is generally 
sufficient. So far as any problems in statics are concerned^ 
a force may be considered as acting at any point along 
its line of action. The location of the point of application 
of a force affects only the material upon which the force 
acts. 

The magnitude, direction, and line of action of a force 
may be represented by a straight line, the ler^h of the 
line representing the nu^nitude by a proper scale. The 
pointii^ of the line with an arrow-head, or a proper reading 
of the letters placed at the ends of the line, will indicate 
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« GRAPHIC STATICS. Ch. L 

the direction of the force. In F^. i the force P acting 
in the direction of the aTTX)w must be read ab and not ba. 

Forces may be coplanar or non-coplanar, and either 
concurrent or non-concurrent. Coplanar forces have lines 
of action ^ in one plane, while non-coplanar forces may 
have lines of action anywhere in space; for the present 
the latter will not be considered. Concurrent forces have 
lines of action all meeting in a point, but the lines of action 
of non-CJnn^Urrent forces do not meet in a single point. 
.The i%sult&nt of any system of forces is a single force 




which, having the same effect as to eqiiilibrium or motion 
as the system itself, may replace it. 

In accordance with the principles of composition and 
resolution of forces, if Pi and Pa (Fig. a) are two concur- 
rent forces acting at ^ in the directions BA and CA re- 
spectively, and if Pa be transposed so that CA becomes 
the side DB of the triangle ABD, then will DA represent 
the resultant in m^nitude and direction with its point of 
application at A. 

It is seen that in following annmd the sides of the 
triangle, the resultant must be taken in a direction opposite 
to that of its component forces. The forces AB and AC 
are said to be the components of the force AD, and by 
drawing other triangles upon AD as a, base an indefinite 
number of pairs of other components may be found. Com- 
ponents are called rectangular when they are at right 
angles with each other. It should be carefully noted that 
the direction of a force is always given by the proper 
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Am. a.] RESULTANT OF ANY NUMBER OF FORCES. 3 

reading of the letters placed at the ends of the line repre- 
senting it. 

Art. a. — ^RsBnltant of any Kmnber of ForcM. 

The method of finding the resultant of two concurrent 
forces is easily adapted to finding the resultant of any 
number of concurrent forces. Let the forces Pi, P2, 
P». . .Pt (Pig. 3) act at A, and let them be transferred 
to Pig. 4, so as to form the sides of the polygon BCD. . . , 
the forces being directed around the polygon in the same 
way. It is seen that i?i is the resultant of Pi and Pa, 
its direction in the triangle BCD being from B to D. Simi- 




FiQ. 3. FiQ. 4. 

larly Pj is the resultant of Pi and Pa, and finally R or BF 
is the resultant of all the given forces, and it acts in a direc- 
tion opposite to that of the other sides of the polygon. 

In order to find the resultant of any number of con- 
current forces, it is necessary only to lay down the forces 
as the sides of an open polygon, their directions following 
around the polygon in the same sense. The closing side 
of the polygon will then represent the resultant in magni- 
tude and its direction must be opposite to that of the 
other forces. The polygon may have re-entrant aisles, 
or the sides may cross, but the form of the figure does 
not affect the result. The order in which the forces are 
laid down is also a matter of indifference, but to avoid 
confusion they are usually taken consecutively about any 
point. 
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4 GRAPHIC STATICS. [Ck. I 

A force may be held in eqtiilibrium by another force, 
equal to it in in^:nitude and having the same line of action, 
but opposite in direction. Therefore if the direction of 
the resultant found in Fig. 4 be reversed, the system of 
forces will be held in equilibrium by FB, since FB exactly 
balances BF. Any system of concurrent forces, therefore, 
is in equilibriimi if the separate forces may be laid down 
as the sides of a closed polygon and if the lines of action 
of these forces follow around the polygon in the same way. 
Such a figure is called a force or equilibriimi polygon, and 
it represents graphically two of the three equations of 
condition for equilibritun of coplanar forces, viz., first, that 
the sum of the horizontal components of the forces must 
equal zero, and secondly, that the sum of the vertical 
components must equal zero. 

Art. 3.— Ai^UcRtioa of Force Polygon to Finding of Unknown 
Quantities. 

Since the force polygon represents two equations of con- 
dition, the finding of two imknown quantities in a system of 
conciurent forces in equilibriimi is made possible. Therefore 
if all the forces in such a system are known except two, 
and if the lines of action of these two be given, the un- 
known quantities may be found by means of the force 
polygon. Let P* and Pe (Fig. 5) represent the lines of 
action of these two unknown forces, the forces Pi, P2, and 
Pa being fully known. If the force polygon (Fig. 6) for 
Pi, Pz, and Pa be drawn and if the figure be closed by 
drawing lines parallel to P4 and Pj at the open ends of the 
polygon. Pi and Pj will be completely determined. It 
is obvious that two solutions leading to the same results 
are possible, one of which is shown by the. broken lines. 
In using the force polygon it will be found convenient to 
take the forces in the order of their rotation as they act 
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AKT.4.] SYSTEM OF NOTATION. S 

about the point of application, although that is evidently 
not necessary. 

In a similar maimer the force polygon furnishes a 
solution in the case of a system of concurrent forces, if 
all the forces except one are completely known. In that 
case the closing side of the polygon fially determines the 
resultant in amount and direction. 

It is evident that the two equations of condition for 
equilibrium represented by the method of the force polygon 





Fm. 5. 

must also be applicable to non-concurrent forces; but a 
third equation of condition must also hold, viz., the sum 
of the moments of all the forces taken about any point in 
their plane mtist be equal to zero. The graphical treat- 
ment of this condition will be considered later. 

Art. 4. — System of Notation. 

The ease of operating with graphical methods is due 
in a great measure to the sjratem of notation invented 
by Bow, and known by his name. Two diagrams are 
employed, one showing only the lines of action of the 
forces in connection with the structure, and called the 
truss diagram, while the other is simply the force polygon 
already explained. 

The space between the lines of action of any two adja- 
cent forces on the truss diagram, or the space on that dia- 
gram within any polygon whose sides are formed by the 
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« GRAPHIC STATICS. [Co. I 

lines of action of any forces, is marked by a capital letter. 
Each force will then always lie between two and only 
two such capital letters, and cocsequ^itly it can be desig- 
nated conveniently by the two letters between which it 
lies. These letters, changed from capital to small letters, 
are then placed on the force polygon at the ends of the 
lines representing the same forces. The correct disposition 
of the letters at the ends of the Hnes indicates the direction 
of action of each force, as has already been explained. 

Example. 

Fig. 7, representing a simple king-post truss carrying a 
concentrated load at its centre, illustrates the truss dia- 
gram. The external forces actii^ upon the truss are the 
two reactions at its ends and the concentrated centre 
loading. The space between the concentrated load and 
the left reaction is marked by the letter A, the space above 
the truss and between the reactions by B, and the space 
between the concentration and the right reaction by C. 
The apices of the triangles are numbered i, a, 3, and 4. 
According to this system of notation the left reaction will 
be known as ofe or fca, the load as oc or ca, and the right 
reaction as cb or be. The indetermination due to the use 
of two names for one force is made to vanish by the use 
of the following rule: In any truss diagram all forces must 
be read in the same order, clockwise or counter-clockwise, 
around the figure or about a point. 

In F^. 7, employing the direction indicated by the 
circular arrow placed in the upper left-hand comer, the 
names of the three external forces are then immediately 
fixed, as ab, be, and ca. 

The internal forces, or stresses in the members of the 
truss, are designated in exactly the same manner, the 
triangular spaces in the truss being marked D and E. The 
forces acting about the point i are then bd, da, and ab; 
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Akt. 5.) DETERMINATION OF KIND OF STRESSES. 7 

those about point 3, ed, db, and be; etc. It is seen that 
the same force has a different name when read with respect 
to two different points; thus the member between panel 
points I and a is the member or force bd with respect to 
point I, and db with respect to point a. As will be shown 
presently, this feature of the method determines at once 
the character of the stresses in the various members. 

Art 5. — Detennisation of Kind of StreBsee. 

Since the structure is in equilibrium under the loading 
assumed, every panel point is also in equilibrium, and 
consequently all the forces at any one such point are in 
equilibriiun. A force polygon may therefore be drawn 
for the concmrent forces acting at each panel point. 

The reactions in Pig. 7 may each be foimd by analytical 
methods to be equal to one half the centre concentration. 



:)^. 





Fio. 7. Fio. S. 

There remain, then, at point 1 only two concmrent forces 
with known lines of action to be determined. The force 
ab, since it acts upwards, is laid down on the force diagram 
(Fig. 8), with the letter a at the bottom of the line repre- 
senting its magnitude and direction. The line bd is then 
drawn parallel to BD, begirming at 6, and the line da 
parallel to DA, beginning at a; their intersection will fix 
the point d. Since for equilibrium the forces in this force 
poison must follow each other in the same sense, and 



Digit zed by Google 



8 GRAPHIC STATICS. [Ch, I. 

since ob is fixed, the direction of the force hd is from h 
to d; transferring this direction to the truss di^;Tam, it 
will be seen that the force bd acts towards the point i. 

It is clear that a force acting towards a point, in the 
manner of bd, reprKents compressive stress in the member 
in which it acts, in the same manner that a force acting 
away from a point represents tensile stress. In the present 
case bd therefore acts in compression with a magnitude 
represented by the length of the line bd. Similarly, trans- 
ferring the direction of da to the truss diagram, it will be 
found that da acts away from i and represents a tensile 
stress. Thtis all the forces actii^ at the point i have been 
fully determined. 

Other panel points at which there are but two unknown 
forces must next be considered in succession. 

At panel point 2 the forces mtist be read db, be, and ed, 
bd being already drawn on the force diagram. A line 
parallel to BE is therefore drawn through b and one parallel 
to ED through d ; then the intersection of these lines furnishes 
e on the force diagnim. By transferring the direction of 
be to Fig. 7, it will be found acting towards panel point 2, 
causing compression. Similarly ed acts downwards from 
point 2 and causes tension. 

Panel points 3 and 4 are to be treated similarly, but 
it is unnecessary to explain the operations in detail. 

Art. 6. — Crane-tnuses. 

The graphic principles thus far explained may be 
illtistrated by an appUcation to a form of truss which has 
been used for powerful cranes under circiunstances re- 
quiring much headroom, and shown in Fig. 9. The truss 
revolves about a vertical axis situated in the centre of 
the member BD. In that example the weight hanging 
from the peak is supposed to be 20,000 potmds. Each 
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CR^NE-TRUSSES. 



chord of the truss NA, LA, JA, etc., or MC, KC, IC, etc., 
is made up of chords of quadrants of two circumferences 
of circles, the radius for the inner chord being 23.5 feet, 
and that for the outer chord 36 feet; the member BD 
is 5 feet. 

The Iraigths of the various members are as follows; 

Ar^=5feet; 
LA~JA-MC= 6 feet; 
HA-KC = TieeX; 
F^=/C = 8feet; 
GC—g feet. 




Flo. 9. 



F^. 10 is a complete digram for the stresses in the 
truss, supposing the only load to be the 20,000 poimds 
hanging from the peak. If it should be necessary to take 
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into account the weight of the truss itself, it would be done 
by considerii^ the weights of the various members as 
concentrated at the different panel points, and the problem 
would be treated precisely as in the case of roof-trusses, to 
be treated in succeedii^ articles. 

The construction of Fig. lo is b^jun by considering the 
equilibrium of panel point i ; the line ca is drawn downward 
parallel to the line of action of the weight CA, and then at 
its ends are drawn lines parallel to AN and NC. The order 
in which forces are taken about any panel point is indicated 
by the direction of the arrow shown in the upper left-hand 
comer of Fig. 9. Panel point i is the first panel point at 
which the stresses can be determined, since at that point 
there are but two unknown quantities. Other panel points 
are then to be taken in such order that at the point con- 
adered there are only two tinknown forces. This is imper- 
ative. The stresses at panel point 2 are therefore treated, 
the lines ntn and mc being drawn respectively parallel to the 
corresponding members in the truss diagram. The other 
panel points may then be treated in exactly the same 
manner, considering them in the order in which they are 
numbered. 

In order to determine the character of the stress in 
any mMnber, such as MN, it is only necessary to observe 
that the direction of mn in the force diagram is downward 
and toward panel point 3. It is in connection with panel 
point 3 only that the member MN is named in that way, 
and the latter is therefore in compression. If this memba* 
were to be named in regard to panel point 2, it would be 
termed NM. Its direction would then be upward with 
regard to panel point 2, indicating compression as already 
found. 

The digram gives the following restilts, the positive 
dgn indicating tensile stress, and the n^ative mgn com- 
presave: 
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Strxsses IK THK Cum or FicnrKx 9. 



Opl»r Chord. 


Lo«u Chord. 


Web Uemben. 


Citf- +»6.oooll». 


AN 19,000 lb.. 


NM- - 17,000 Xht. 


CJf- + 34,000 11». 


AL— —50,000 Ibi. 


ifi:- + iS,ooolbs. 


X^--73.«»lbB. 


LK 4!o~lb«. 


CI- + J9fioo\U. 


AH—^ficolW: 


KJ-+ 3,000 lbs. 


CG— +91,000 Ibo. 


AF- -99.000 lb*. 


JI a7,ooolU. 


CB-+K«,OOOlhfc 


jliJ--IM,OOOlt*. 


IH iooolhiL 

HG 18,000 H». 


Reactio&t. 




GF-- 15,000 lb*. 


BC- J 94,000 Ihfc 




^£— 34,000 jb^ 
£D--ia,ooolbfc 


.AB- t "H.000 IbB. 




BD •• — 9jOoo lbs. 



These results can easily be checked by the algebraic 
method of moments. For instance, the stress in the member 
IH is found by taking a section through the truss as shown 
(Fig. 9) and taking moments about the intersection of CI 
and HA ; the lever-arm of IH as scaled from the diagram is 
15.4 feet. The only external force to the right of the secticm 
is the weight at the peak, which, by scale, has a lever-arm 
about the centre of moments of 3.1 feet. The equation of 
moments is then as follows, the direction of IH being indi- 
cated by the arrow lying along it; 

—/HXiS-4'" 30,000X3.1; 
/. IH— —4000 pounds. 

This value checks that obtained by the graphical method. 
The last force found graphically is the reaction BC, and 
if its graf^cal value be checked by the method of moments, 
it may be assumed that all previous graphical results are 
correct. For this member the centre of moments is at 
panel point 13; the equation of moments is 

5^X5-20,000X23.5; 
.'. .BC- 94,000 pounds. 

This result ^rees with the value obtained from the dia- 
gram. 
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If a chain, rope, or cable pass alcn^ either chord, the 
tension in it will tend to produce an equal amount of com- 
pression in the panels of that chord; the resultant stress, 
therefore, in any panel will be the algebraic sum of this 
amount of compression and the stress due to ihe weight at 
the peak. 

Fig. II is a skeleton digram of an ordinary crane, 
which revolves about the centre line c^ 3-3 as an axis. 
AB is the weight htmg at the peak, i. The force diagram. 
Pig. 13, is found by drawing ab vertically downwards equal 
to the weight, then at a and b drawing be and ca respectively 
parallel to BC and CA of Fig. 11. be then represents the 




compression in BC, and ca the tension in CA. As before, 
the teniaon in the rope or cable tends to produce an equal 
amotmt of compression in any member along which it 
lies. 

Let I denote the normal distance from the line of action 
of CA to any point in the centre line of the vertical member 
2-3 ; then any secticm of 3-3 wiU be subjected to the bend- 
ing moment 

M-ca-l. 
ca repres^iting the stress in CA, 
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3'3 will also be subjected to a direct stress (tension in 
Fig. 11) equal to the vertical ccnnponent of the stress in 
CA. 

The greatest resultant intensity of stress in any section 
will be the combination of the intensities due to these two 



Art. 7. — Non-coQCUzrent Coplanar Forces, and the Funicular 

Polygon. 

C<mcurrent forces only have thus far been treated, but 

the principles employed in the concurrent force diagram 

are equally applicable to non-concurrent coplanar forces. 




Fid. 13. Fio. 14- 

In the case of equilibrium of such forces, one other ccmdi- 
tion must also hold, viz., the sum of the moments of thege 
forces taken about any point as a centre must be equal to 
zero. This condition may be expressed graphically, as 
will presently be shown. 

Let Pi, Pi, P*. and P* (Fig. 13) represent four non- 



Digit zed by Google 



14 GRAPHIC STATICS. p:a, L 

concmrent forces whose resultant is to be completely deter- 
mined. By combining Pi and Pg in the force digram, 
Fig. 14, their resultant is found to be i?i and its line of 
action passes through a at the intersection of Pi and Pa 
in F^. 13. This resultemt may then be combined with 
Pa (Fig. 14), producing R3, whose line of application passes 
through the point 6 (Fig. 14), the intersection of Ri and P,. 
Similarly, this resultant may be combined with Pt, pro- 
ducing the final resultant R (Fig. 14), whose line of action 
passes through the point c (Fig. 13). 

This method becomes inapplicable when the forces 
treated are parallel or nearly parallel, but the following 
construction, which is perfectly general, may then be 
employed : 

Let Fig. 15 represent five forces Pi, Pa . . . Ps, whose 
resultant it is desired to obtain; Fig. 16 shows the value 
and the direction of its resultant as obtained by the usual 
force polygon, but both its point of application and line 
of action (Fig. 15) are still unknown. Let O be any arbitrary 
point in Fig. 16, and let there be drawn from O to the ends 
of all the forces Pi, Pa . . . Pt radiatir^ lines numbered i, 2, 
3 ... 6. It is then evident that in Fig. 16 each force has 
been resolved into two components, as Pi resolved into 
1 and 3, and Pa into 2 and 3, and so on. Choosing any 
point on Pi, such as o in Fig. 15, let the line 2 be drawn 
parallel to the line 2 in Fig. 16 until it intersects the line 
of action of the force Pa', from this intersection point draw 
3 parallel to 3 in Fig. 16 until it intersects Ps, and so con- 
tinue the construction to its completion. Finally produce 
the lines i and 6, Fig. 15, to their intersection at the point 
b. This is a point in the line of action of the resultant; 
for at point a in Fig. 15 the force Pi has been replaced 
by the force components i and 2 acting in the directions 
indicated by the arrows, these directions beii^ shown in 
Fig. 16. Pa has similarly been replaced by the forces 2 
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and 3 acting in the directions similarly shown; but it Is 
evident that the two forces a between Pi and Pt balance 




each other since they are equal in amount, opposite in 
dii«ction, and act along the same line. Similarly, the two 
forces 3 between Pt and Pt cancel, as do likewise the pairs 
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of forces 4 and 5. The five forces Pj, Pa. . .Pa liave then 
finally been replaced by the two forces i and 6. ThesCf 
as is evident from Fig. 16, are the components of the final 
resultant, and may therefore be replaced by the resultant, 
which must act at their intersection b. 

The polygon 1-2-3-4-5-6 drawn in Fig. 15 is termed 
the polygonal frame or funicular polygon, because it is a 
frame of members or bars, which, if of sufficient sectional 
area, will sustain the set of external forces Pi, Pa ... P^ 
as long as their lines of action and magnitudes remain 
unchanged. The term funicular polygon is so distinctive 
that it will hereafter be invariably used for this polygon, 
althoi^h the term polygonal frame is much used. The 
point O from which the radial lines are drawn is termed 
the pole, and it is usually des^nated by the letter O. The 
distance from O to P is termed the pole distance and is 
generally represented by H. The mdial lines, which are 
always designated by numbers, are called rays. 

These closed diagrams fulfil the condition that the 
sum of the 'moments of the forces of the system about any 
point must equal zero, as will now be shown. 

Let it be determined to find the sum of the moments 
of all the forces Pi, Pa . ■ . Pb about the point N, which 
is distant x from their resultant R in Fig. 15. Since the 
moment of the resultant about this point is equal to the 
sum of the moments of its various components, it will 
be sufficient to treat only that resultant. The moment 
is, therefore, M^R.x. Draw through the centre of 
moments N the line cd parallel to the residtant, and con- 
tinue the lines i and 6 until they intercept on cd the dis- 
tance /. The ttiangles bed and OAB (Fig. 16) are similar 
since their sides are respectively parallel. The following 
proportion is therefore obtained: 

x:cd::H:R. 
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M-R.x-cd.H. 

Hence the moment of all the forces about the assumed 
centre, A^, is equal to the product of the intercept on the 
line (Fig. 15) drawn through that centre parallel to the 
resultant between those rays which are the components 
of R, multiplied by the pole distance. More simply stated, 
the moment is the product of an intercept on the truss 
diagram multiplied by the pole distance of the force 
diagram. 

It is seen that this moment reduces to zero when the 
centre of moments is taken at the intersection of the 
two component rays of R; viz., at the point b of F^ 15, 
or if taken anywhere on the line of action of R, for in 
either case the intercept equals zero. 

If the five forces Pi, P2 . . . Po form a system in equilib- 
rium, the force polygon in Fig. 16 will close and the re- 
sultant R will be zero, malang the moment M=i?. a:=o. 
Hence the sum of the moments of all the forces of the 
system about any point N will be zero. Again, in Fig. 15, 
if the direction of R be reversed, it and the five forces Pi, 
Pa - - - Ps will constitute a system in equilibriimi. In 
that case the funicular polygon becomes 1-6-5-4-3-2 and 
it is closed. If a system of forces is in equilibrium, there- 
fore, both the force polygon and the funicular polygon 
or frame will be closed. These two polygons therefore 
express graphically the three static equations of condition 
for equilibrium of non-concurrent forces. 

Art. 8. — Some ^Mcial Featurei of the Funicular Polygon. 

Although the funictJar frame in Fig. 15 was drawn by 
b«^:inning at o in the line of action of Pi, it is now evident 
that any point on the line of action of any force might 
have been taken as a point of beginning, while the pole 
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and the rays remain unchanged, and tiiat for each such 
point a different funicular polygon would have been found. 
With the same pole and the same set of tajrs, therefore, 
there may be an infinite number of funicular polygons for 
the same system of forces in equilibrium; but since the 
rays are unchained the corTespondii^ sides of all those 
polygons will be parallel, or, in other words, those polygons 
or frames will be concentric. 

Again, any point whatever may be taken as the pole O 
in F^. i6, and rays may be drawn from any such point 
to the angles of the force polygon. Hence there are an 
infinite number of poles for each of which there an an 
infinite number of concentric fimicular polygons for any 
given system of coplanar forces ; but when the position of 
the pole is changed the corresponding sides of the poisons 
or frames generally cease to be paralld to each other. The 
pole, therefore, may be either within or without the force 
poison, or at any point of its perimeter. 

If the pole is located at an angle of the force polygon, 
as at B, Fig. i8, the ray drawn to that angle will become 
zero in length and the corresponding side of the funicular 
polygon, as 5 in Fig. 17, will disappear. In other words, 
there will be no stress in the side 5 of Fig. 17, and the 
directions of Ps ajid P^ will coincide with the directions 
of sides I and 4 respectively, so that the side or bar 5 would 
be omitted. This case is that of the ordinary masonry 
arch. 

When the pole is changed in position on the force dia- 
gram, the pole distance is altered. Since the pole distance 
appears directly as a factor in determining the moments 
of any of the forces in the diagram, it foUows that with 
an increase of pole distance there will be a decrease of 
intercept on the funicular frame; that is, the intercept 
varies inversely with the pole distance. This consideration 
is of importance in the treatment of arched ribs, for in those 
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Structures the pole distance represents the horizontal 
thrust. 

If the pole is located in some side of the force polj^on, 
as at some point in P5 of Fig. 18, two rays will be coin- 
cident in direction with that side, and the two sides or 
bars of the funicular polygon, as i and 5 in the case sup- 
posed, will coincide in direction with each other and with 
the force P^ acting at their common extremity. The funicu- 
lar poison will thus apparently have one less side or bar 
than the number of rays in the force polygon. 



Fro. 17. \ FiQ. 18. 

Rememboing the double significance of the rays as 
representing the stresses in the bars of the fimicular poly- 
gon by the same scale as that to which the forces J*i, P3, 
etc., are measured, it is well to observe that each side of the 
force polygon with the two rays adjacent to it form a tri- 
angle of forces in equilibrium, which three forces are those 
meeting at the corresponding angle of the funicular polygon. 

In F^. 1 7 the external forces are taken as acting inward 
en* towards the frame; but all directions may be reversed 
and the f unicidar polygon may be inverted without changing 
in any respect any of the preceding demonstrations, con- 
structions, or conclusions. If the force directions are 
reversed and the funicular polygon or frame inverted, the 
condition shown in Fig. 19 ■^11 result, which, if Pa and P^ 
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coincide in direction with i and 4, so that 5 disappears, 
is that of the elementary suspension-bric^e cable. 

It is to be borne in mind that thus far the system of 
forces supported in equilibrium by the funicular polygon 
has been supposed to be invariable in every respect. The 
extreme forces Ph and P* are tisually reactions or support- 
ing forces supplied by piers or abutments. 




. F10..1C). 

Since the force and funicular polygons correspond to 
three eqtiations of condition of statics, they may therefore 
be used for finding not more than three unknown quanti- 
ties, in any problem involving the equilibrium of coplanar 
forces. Their application to the general solution of- some 
problems of statics may therefore be discussed. 

Art. Q. — Lines of Action of all Forces Known, but Magnitudes 
and IKrectioni of Two Forces Unknown. 

In Fig. 20 let the lines of action of all the forces Pi . . . Ps 
be known, but let the magnitudes and directions of any 
two, as Pi and Pa, be unknown. Since it is a matter of 
indifference in what order the forces are taken in the con- 
struction of the force polygon, let the known forces be taken 
in order from Pi to Pj, as shown. Then the known lines 
of action of P* and P» will enable the two remaining sides 
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of the force polygon to be drawn from A and B, while the 
directions of those two forces will be detennined by travers- 
ing the perimeter of the polygon in the way or sense indi- 
cated by the known sides, all as shown in Fig. 21. The 
fumcular polygon can then be drawn from any point in 
any line of action in the manner already established in 
the previous articles. 

Although the unknown forces are shown in Fig. 30 as 
adjacent to each other, it is clear from the demonstra- 
tion that they may be any two whatever of the system. 

If the unknown forces are parallel to each other, their 
intersection (that of P* and P^ in the force polygon of 





Fig. ai) in the force polygon becomes indeterminate. In 
that case it is only necessary to complete the funicular poly- 
gon before completing the force polygon, as is illustrated 
by F^. 32, in which all the forces are supposed to be 
parallel to each other. The forces whose lines of action are 
known but whose magnitudes and directions eire tmknown 
are Pt and Pg. The force polygon now becomes a straight 
Une, since all the forces are parallel, and in order to show 
completely this coincidence of force lines all the forces 
in Fig. 23 are represented by close parallel lines. The 
force (full) lines Pi, P2, and P3 are first drawn m any 
order that will give their proper consecutive directions. 
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and the rays i, 2, 3, and 4 are th^i nin &om any pole O 
to the extremities of the former. By commencing at any 
point in any of the lines of action (all known) the foiir rays 
will enable all sides or bars of the funicular polygon, except 
5, to be drawn in the usual way. Both extremities A and 
B of the side s 'will thus be fixed and the line itself can at 
once be completed. The ray 5 can then be drawn from 
the pole to tiie point C in the stra^ht line which repre- 
sents the force polygon. The forces P^ and P^ will be 
represented in magnitude by lines extending from C to 
the extremities of Pt and Pi, and their directions (P4 down 





Fio. 33. 



and Pi up) will be found by traversing these lines in the 
same sense as the known force line Pi. . . P3. Both forces 
and frame are thus completely determined. 

It is of the greatest importance to observe that the force 
polygon for a system of parallel forces reduces to a straight 
line, which is really composed wholly or in part of two 
or more coincident straight lines. It is also to be noted 
that any pole O has been chosen, but that any other of 
the infinite number of possible poles would lead to pre- 
cisely the same final results. This latter case of the parallel 
forces is a common one in practice, but usually the two 
extreme forces are unknown in magnitude only. 
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It may be observed that if the directions of the two 
component rays of either unknown force in the force polj^on 
of Pig. 33 and the magnitude of one of those components 
are known, the intersection of the line of action of tiie 
other component with the force line CD will fix the point 
C and determine the imknown forces without the aid of the 
funicular poison. 

Art 10. — ^Homentt in a Beam. 

The funicular polygon in the case of a beam carrying a 
system of parallel loads represents the baidii^ moment 
at every section of the beam. Let Fig. 24 represent a 
simple non-continuous beam carrying the loads Pi, Pj ■ ■ . Pa 
at the points shown. This system of weights is held in 
eqiiilibrium by the two reactions R and Ri whose directions 
and points of application axe known, but whose amounts 
are to be determined by the funicular polygon. 

Lay oflE in regular order the forces Pi, Pa - ■ - Ps in the 
force diagram P^. 25, and choose any point O as a pole. 
Draw the rays i, 2 ... 6 and transfer them in the proper 
manner to Pig. 24. This funicular polygon can. only be 
drawn for the bars i, 2, 3, 4, 5. and 6, for this disposes 
of all the known rays; but since the polygon must close, 
the side 7 is drawn as the closing line and transferred to 
Fig. 25. Its intersection with the line of loads at m deter- 
mines the amoimts of the reactions R and Ri as shown. 

The moment at any section of the beam, such as xy, 
may then be obtained by the rule of the " product of inter- 
cept by pole distance" (Art. 7). The resultant of the 
forces R, Pi, Pj, and P3 to the left of the section is included 
between the two rays 4 and 7 of Fig. 25; consequently the 
intercept required lies between the bars 4 and 7 and is the 
line ah in Fig. 24. The moment at *>" is therefore ab . H, 
where H represents the pole distance (not shown) . For par- 
allel forces the pole distance is a constant quantity, and is 
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geaeraMy chosen as a unit force, frequently looo or 10,000 
pounds, in order to avoid arithmetical computation. In 
general, then, the moment at the section xy is expressed by 
the ordinate directly below it, if the significance of the pole 
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distance be remembered. The moment at any other 
section, such as x'y, is then also expressed by the ordinate 
below it, or a'l/. 




Fro. as. 
The equivalence of the funicular polygon as a moment 
polygon applies as well to cantilever or continuous beams 
as to non-continuous beams, provided that the loading 
consists of a series of parallel weights. 
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Art. II.— All Forces Gfareoi Except Two, of whieli the Line of 
Adko of One and the P<ttnt of Application of the Other 
•re Known. 

This case is represented by Fig. 36, in which Fi . . . Pj 
constitute any system of forces all except two of which, 
as Pi and Pj, are known. The line of action of one un- 
known force, Ph, is given together with the point of appli- 
cation A of the other. That portion of the force polygon 
representing the known forces Pj . . . P3 is first drawn in 
the usual manner, together with the rays i to 4, inclusive, 
from any pole O, Fig. 37. Tlien, by startir^ at the known 




point of application A, the sides or bars of the fimicular 
polygon or frame can be drawn parallel to the corresponding 
rays, so as to fix the point B on the line of action of Pj. 
The last side 5 of the frame (Fig. 26) will thus be completely 
determined; andif theray 5 (Fig. 27) then be drawn parallel 
to it imtil it intersects the line drawn through C parallel 
to the line of action of Ps, the latter force and P4 will at 
once become completely known. 

This case is one of common occurrence, the forces P4 
and P« being in general the reactions or supporting forces 
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of the structure at the abutments or piers. It is obvious, 
however, that any other two forces besides the reactions 
or extreme forces might have been taken as the unknown 
dements. 

If the forces are all parallel, the force polygon Pi . . . P^ 
becomes a straight line, as already explained in Fig. 33, 
but the process of solution and the various steps in the 
construction remain unchanged in every particular. 



Art 13.— AH Forces Given Except Three, with Que Lines of 
Action of those Three Known. 

Let the six forces Pi ... Pe in F^. 28 represent any 
system of forces whatever, of which all lines of action are 
known, but the magnitudes and directions of Ps, P*. 



\ 




Tm. A 



Flo. tg. 



and Pb rwnain to bt determined. The points of applica- 
tion of the forces Pi, P3, Pj, P*. Ps, and Pa are supposed 
to be a, b, c, d, e, and / respectively, but their lines of action 
will be prolonged and used for the purposes of this solution. 
So much of the force polj^on as can be constructed from 
tiie known forces Pi, Pj, and P* is first drawn, and then 
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the four rays i, a, 3, and 4 are drawn from any pole O. 
The point A (Pig. 28) of intersection of any two lines of 
action (as those of Pa and Pa) of the unknaivn forces is 
next taken as the startii^-point of the funicular polygon. 
The lays drawn to the angles of the partially constructed 
force polygon will at once enable the sides 4, 3, 3, and i 
of this polygon to be drawn as shown. The points A and 
B of the remaining side 5 are thus fixed in Fig. 28, and the 
side itself completed. The ray 5 is then drawn (F^. 29) 
until it intersects the line of Pa drawn from E. The points 
C and D are thus the startit^-points from which P3 and 
Pg are to be drawn until they intersect and so complete 
the force polygon Pi, Ps, Pa, Pa, Pt, Pi- The latter give 
the magnitudes and directions of all three of the tanknown 
forces. 

By locating an angle of the frame at a point of inter- 
section of the lines of action of two of the unknown forces 
the sixth side of the frame is reduced to zero and eliminated 
from consideration, so that the correspondii^ ray is not 
needed. Obviously this method cannot be used with 
parallel forces, for the reason that there will be no finite 
point of intersection A. 

In case the point of intersection A is found to be in- 
accessible or outside the limits of a convenient diagram, 
the iisual procedure is shown in F^. 30. CD and AB are 
the lines of action of Pa and Pa respectively, and their 
intersection is inaccessible. Any point, as £ on the adja- 
cent line of action Pt, is taken as the starting-point of the 
funicular polygon, the pole O not yet having been determined. 
The side 4 of the frame is to be drawn from E to the in- 
accessible point of intersection. Any points A and C 
on AB and CD are so taken as to form the triangle ACE 
with good intersections. From any other point D on CD 
and at an appropriate distance from C draw DB parallel 
to CA and then from D and B draw lines parallel to CE 



Digit zed by Google 



»8 GRAPHIC STATICS. [Ch. I. 

and AE respectively, locating the point F by their inter- 
section. EF produced will then pass throi^h the inter- 
section of AB and CD. EF will then be a portion of the 
side 4 of the polygonal ftame, and the ray 4 must be drawn 
parallel to it from D in the force polygon of F%. 29 ; the 
pole may then be located anywhere on that ray. The 
remaining rays are drawn to the known armies of the 
force polygon and the construction is made as before. 
When the point B, ¥vg. 28, is reached, the remaining side 
5 of the frame is to be drawn to the inaccessible point of 




/ 



,Vii 



V' 



\ 



Fn. 30. Fkj. 31. 



intersection of Pa and Pj by the process given in connection 
with Fig. 30. 

If there are but four non-parallel forces in the system,* 
a frequent procedure is that shown in P^. 31. P3 is the 
only completely known force, the lines of action, only, of 
the others being given. The four forces may be divided 
into pairs, as Pi and Ps, and Pa and Pa, the resultant of 
each of which pairs must, for equilibrium, be equal and 
opposite to the resultant of the other. Hence construct 

* AD syBtems of the kind tteated in this article maj be reduced to four non- 
panlle) fbice«; for >U the known forces nuy be repUced by thdr lenilUnt, and 
tfaeit are then in addition to this resultant only tlie three unknown forces. It 
may be necessary, however, to draw a funicular polygon to determine the pcint 
of application of this resultant. 
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the force triangle P], Pg, and the resultant ab. As Ps 
is completely given, this can be done and both Pi and 
the resultant ab will be deteimined. Then lay off cd-^ab 
from c and construct the force triangle with Pa and Pa, 
which will completely determine those forces and make 
known all elements of the problem. 

The operations of this and the preceding articles are 
designed to illustrate the general character of the pro- 
cedures required for the solution of problems by the aid 
of the force and funicular polygons; they include some 
of the more important practical cases, although others 
may arise which are to be treated in the same general 
mamier. 

Art 13. — StTMses in Roof-trusses. 

Preliminary. 

Roof-trusses are designed to carry, first, their own 
dead weight; second, the weight of the roof covering on 
the trusses; third, a snow load; fourth, a wind load acting 
in a horizontal direction, first from the right, and then from 
the left; and, fifth, a ceiling or other suspended weights, 
such as cranes, trackways, shaftii^, etc. 

The weight of the roof-truss itself varies, naturally, 
with the span length and with the distance between trusses. 

Various formulas have been proposed for determining 
the weights of roof-trusses, and among them is the follow- 
ing, deduced by Milo S. Ketchum, Assoc. M. Am. Soc. C. E., 
from his experience, for spans up to 150 feet: 

45 V ss^a}' 

where W = the weight of truss per square foot of hori- 
zontal projection; P=the capacity of the truss in pounds 
per square foot of horizontal projection ; L - the span of 
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the truss in feet; and A=°the distance between trusses in 
feet. In general, however, for purposes of determining 
the dead-load stresses, it will be sufficiently accurate to 
\ise the following ap^msximate table: 



uiSSfBio, 


WeicbtofTraHin 
SiSlicBCov^ 


SO 

40 
60 
80 
100 


3 

4 

1 



Great accuracy cannot be expected from the ttse of this 
table ; but since, in any event, the greatest stresses are caused 
by the weight of truss covering, by wind and by snow loads, 
a small error in assuming the dead weight of a roof-truss is 
not appreciable. If the error be found appreciable, however, 
after tentative design, the proper corrections must be made. 

Trusses having spEins up to 50 or 60 feet usually have 
one end supported on planed plates; trusses of greater 
span usually have one end on rollers or on rockers. These 
precautions are necessary on account of temperature 
changes. In the case of the roller or rocker end it is usual 
to assume the reaction at that point perpendicular to the 
plane on which the rollers move, although on account of 
friction this condition may not be rigorously exact. 

The pitch of the roof is usually given as a ratio of the 
centre height divided by the span length; it may vary 
between the limits of 1/3 and 1/5 ; its more usual value is 
1/4. 



The snow load carried by a structure depends not only 
on the latitude of its location, but also cm the pitch of the 
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roof. It is ordinarily specified as a load in pounds per 
square foot of horizontal projection. In the vicinity of 
New York a value of 20 pounds per square foot for flat 
roofs is usually taken, and this is decreased for roofs with 
greater pitch. If the pitch is 60° or raore, no snow loads 
need be taken, althoi^h a nunimum we^ht of i o potuids per 
square foot, due to sleet, is sometimes specified. The highest 
value for flat roofs in cold climates is 30 potmds per square 
foot, while for southern latitudes the snow load disappears. 

Wind Load. 

In treating horizontal wind loads on roof-trusses, the 
ocHnpoaent normsil to the slope of the roof is usually taken, 
the component parallel to the slope of the roof being 
Defected. The intensity of horizontal wind pressure on 
a vertical surface is generally specified at 30 pounds per 
sqxiare foot.* 

The normal pressure on a roof due to horizontal wind 
force is not usually fotmd by its simple resolution into 
two rectangular components, but is determined by means 
of an empiric formula based upon experimental work. 
Two such formute are in common use, one by Hutton, 
given in eq. (i), and the other by Duchemin, given in eq. (3). 

P. -P sin «■■■*""•"-■, (1) 

p_.p.A^ , . (,) 

" I +sm* a ^ ' 

where P« represents the normal component, P the horizontal 
force, and a the angle between the roof surface and a 
horizontal plane. 

* For > moie detailed sUtcmeot coQceniing irind prettuR*, see SupplemenUi7 
Reporl by Capt W. H. BUby in tbe Report of the Boonl of Engineer Officera, 
u to Mazimuin Span Practicable for Smpension Bridges, Washington, 1894. 
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The following table furnishes the values of the ratios 
of F« to P for the various slopes of roof indicated: 



SlopBOt 


















c 


o.oo 


0.00 


11 


° 


S 


^ 


34 
46 






80 




66 


40 




91 




H 


e 




or 




gs 


0.99 


.. , 



Roof Covering. 

The roof covering rests upon longitudinal purlins carried 
by the truss, usually at its panel points. If the purlins 
are not placed at the apices or panel points, bending is 
caused in the chord members. Such stress conditions 
should ordinarily be avoided for simplicity. 

The amount of load carried to any panel point is imme- 
diately determined by noting the area of surface and the 
load per square foot carried by each purlin. This area, or 
its horizontal and vertical projection determines also the 
snow load and the wind load carried at any panel point. 

The weight of roof covering varies with the different 
materials of which it is composed, but it may be closely 
estimated in advance. 

The weights of roof coverings may be approximately 
assumed as follows: 

Iron Sheets. — The weight of iron or steel sheeting 
depends on the gauge thickness and whether the sheets are 
flat or corrugated. The exact weight may always be found 
in manufacturers' handbooks; it varies from i to 3 pounds 
per square foot for the thicknesses ordinarily employed. 
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FeU, PiUii, and Slag or Grovel Roofing. — This combina- 
tioa of materials may weigh from S to 10 pounds per sqtiare 
foot, depending generally on the number of thiclmesses of 
felt. 

Slate. — Slate usually weighs from 7 to 9 pounds per 
square foot of roof. 

Tile. — Terra-cotta tile 1 inch thick weighs abmit 6 
pounds per square foot. 

Tin. — Tin, without sheathing, weighs from i to ij 
pounds per square foot. 

None of these weights includes weights of purlins or 
sheathing. 

Woixien Coverings. — The weight of wooden roof cover- 
it:^ may be estimated by assumii^ the weight of wood 
at 4 potmds per foot B. M. 

The exact weight of roof covering, including sheathing, 
purlins, bracing, gutters, ventilators, etc., must be calcu- 
lated for each individual problem. In a similar way, all 
suspended we^hts must be determined before the stresses 
can be computed. 

The total loads carried by any truss having then been 
estimated, the determination of the stresses in the members 
of the structure is the next procedure. This determina- 
tion may be made by combining the various classes of 
loads and proceeding with resultants or by treating each 
class separately and subsequently combining the stresses 
so found for each member. The method of procedure 
will be obvious in each case. 



Art. 14. — Struses In a Roof-truss, Both Ends Fastened. 

A common form of roof -truss is illustrated in F^. 32, 
in which the span is 40 feet, the rise of the peak 10 feet, 
and the distance between trusses la feet. The roof 
covering for this truss is estimated to we^h lo pounds 



Digit zed by Google 



34 



GH^PHIC STATICS. 



[CK.L 



per square foot, and since the total exposed surface between 
two neighboring trusses is 45 feet long by 12 feet wide, 
the total roof covering we^hs 45X12X10-5400 pounds. 
The dead weight of the truss itself has been estimated at 
3 pound' per square foot of horizontal projection. The 
area of horizontal projection is 40X12-480 square feet; 




Flo. 3a. 

the dead waght of one truss is, ther^ore, 1440 pounds, and 
the total dead weight 5400 + 1440 =■ 6840 pounds. This may 
be supposed equally divided among the upper panel points, 
the end points carrying but half a panel load. Each panel 
load is, therefore, 855 pounds. It is obvious that the end 
panel loads, if vertical, need not be considered as a factor 
in causing stresses in the structure, since these are carried 
directly by the abutments. Vertical end panel loads will, 
therefore, net be considered in the cases to be discussed. 

The dead-load stress diagram is shown in Pig. 33; its 
construction is as follows: 

Since the load is symmetrical, each reaction is equal 
to half the total load on a truss. The line ab is therefore 
drawn vertically upward and equal by scale to the left- 
hand reaction. The stresses in the two members meetii^ 
at the left-hand abutment may at once be found, as there 
are only two luiknown quantities. The lines bf and fa are, 
therefore, drawn parallel to the corresponding lines in 
Fig. 32 through the points b and a to their intersection at 
/, thus determining the stresses bf and fa. The circular 
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arrow in the upper part of Fig. 32 indicates the direction 
in which the forces are read about any panel point, and 




Fio. 33. 

this order must be carefully observed. By transferring 
the direction of bf from Fig. 33 to F^. 32, it will be seen 
that the stress acts toward the panel point, indicating com- 
pression. Similarly, fa acts away from the panel point, 
indicating toision. Hereafter the explanation determinii^ 
the sign of the stress in any member need not be given. 

Panel point 2 is next to be considered. With the dis- 
tribution of load assumed there will be no stress fg, and 
fa must evidently be equal to ga. 

Panel point 3 is next in order. The lines ck and hg are 
drawn parallel to their respective lines of action in Fig. 32. 
The remaining construction is precisely similar in character 
and needs no further explanation for the half of truss 
under consideration. 

Fig. 33 represents the stresses for the left half of the 
truss only ; since the structure is symmetrical the members 
in the right half carry identically the same stresses as 
the corresponding left-hand members. The values of the 
stresses as scaled from Fig. 33 are given in Table I. The 
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positive sign- indicate s tensil e stress, and the n ^ati ve sign 
c ompression. 

A separate diagram for snow loads over the entire roof 
need not be drawn for roof-trusses of this character, since 
it is at once evident that the snow-load stresses may be 
found as a simple ratio of the dead-load stresses. If the 
snow load be taken at 20 pounds per square foot of hori- 
zontal projection, the ratio of the snow-load stresses to 
those due to the dead load will be 

ao<4oXi2) 

6840 " '•"*■ 

The values of the stresses obtained from this ratio are 
given in Table I. 

The intensity of the wind load, which acts on one side 
of the roof only, has been taken at 30 pounds per square 
foot of vertical surface. By means of Button's formula, 
the normal component for this truss will be 30X.59 — 17 
pounds per square foot, since the angle of inclination of 
the roof surface is 36" 30', The distance between upper 
panel points is 5.63 feet. Each panel load will therefore 
be 5.63X12X17 = 1150 poimds, acting normally to the 
roof surface. The wind panel loads at the peak and at the 
abutment will, of course, be only half as great, or 575 
pounds. 

The wind stresses in the truss will be found on the 
assumption that the reactions at the two ends of the truss 
are parallel to each other and to the direction of the wind 
loads. In order to determine the amounts of these re- 
actions, the ftmicular polygon must be employed. The 
loads are first laid down to scale, as shown in Pig. 34. 
Any pole, as O, is chosen and the rays i, 2 ... 6 drawn 
and transferred to Pig. 32, the polygon being started at 
the left-hand reaction point with ray 2. Since this polygon 



by Google 



AXT. 14.] 



STRESSES IN ROOF-TRUSSES. 



mtist close for eqttilibrium, the m issin g ray 7 lying between 
the lines of action of the reactions may at once be drawn. 
If this ray be transferred to Fig. 34, it will determine at 
once the point a and give the reactions r'a and ar. The 
stresses in the structure for the wind load may then be 




Fio. 34. 



found exactiy as in the case of the dead load, the left-hand 
reaction point being again the first point treated. - The 
force polygon, Fig. 34, thus being constructed precisely 
as was F^. 33, requires no further explanation. 

Attention is called to the fact that the stresses in all 
the web members of the right half of the truss are zero for 
the direction of the wind shown ; but since the wind may 
be taken to blow in either direction, the stresses in the 
r^ht-hand members will be found to be the same as in 
the left-hand members, if the direction of the wind be re- 
versed. The values of the wind stresses are given in 
Table I. The final stresses for which the members of this 
truss must be designed are those found by combining the 
results due to dead, snow, and wind loads ; they are shown 
in the last column of the table. Since no member suffers 
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revenal of stress, the sum of all the stresses, viz., for dead, 
for snow, and for wind loads, detenmnes the m a x i mx i m 
stress existing in each member. 

If, however, in the judgment of the designer, the wind 
stresses and the snow stresses might never occur at the same 
time, only the sum of those stresses which might act simul- 
taneously should be taken. 



Tablb I. 





ll«l«r 


DHd-lHd 


BODW-IO^ 


Wil>d-l<Md 






■ 


atnM. 


8tt^ 


StlBM. 


SUw. 




BF 


-io,soo 


-14,700 


-S.»oo 


-30,400 


Upf«r 


CH 


- S^fio 


- 7.650 


-4.3SO 


—7.460 


Cbonl 


DJ 


- 4.600 


- 6,450 


-W50 


-14,500 




EL 
AP 


- 3.650 

+ 5.75° 


+ ^ 


-i,fco 
+5*« 


+ 19,600 


Lower 


AG 


+ S.7SO 


+ 8,050 


+ S.800 


+ 19.600 


cbonl 


Al 


+ 4.9SO 


+ 6rf,3o 


+ 4.S«> 


+ 16,380 




AK 


+ 4^*0 


+ S.750 


+3.»oo 


+ 13,050 




FG 


e 











GB 


- 90a 


- t,*«o 


-1,400 


- «6o 


Web 


SI 


+ 430 


+ 590 


+ 650 


+ 1,660 


meniben 


JJ 


- i.too 


- 1,700 


-1,850 


- 4,750 




JK 


+ 850 


+ 1,900 


+ t,3oo 


+ 3.3SO 




KL 


- 1,500 




-1,300 


- 5,900 




LU 


- 1.480 


-3>o 


-1,950 


- 7^»o 



Art IS- 



in a Roof-tnm, One End on Rollan. 



Let the truss of the previous article have cme end on 
rollers and let the wind stresses be determined. 

It will be unnecessary to repeat the determination of 
the stresses caused by vertical loads, since they are in no 
way affected by the roller end. The values shown in Table 
II for the dead and snow loads are the same as those in 
Table I. 

The lines of action and the amounts of the reactitms 
for the wind loads must first be found. In determining 
the reactions, the problem is simply the general case of a 
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series of forces in equilibrium, all known except two, oi 
which the point of application of the one and the line of 
adiax and direction of the other are known. Assuming the 
direction of the wind from left to right and the roller end 
at n't the funicular polygon (P^. 32) 2, 3 ... 6 is drawn as 
shown, the cHily precaution being that the polygon must be 
started at the point of appUcation of the unknown force R. 
The pole O chosen, and the rays 3, 3 ... 6 used, are 
shown in Fig. 35. The ray 8 is found (P^. 32) by draw- 
ing it from y so as to close the figure. The direction of ray 8 




Flo. 35. — Stiest Diagnm; Kl^t Eml on RoUei*. 



is then transferred to Fig. 35, where it defines the point a, 
which determines at once the right-hand reaction r'a and the 
left-hand reaction or. The further construction of the stress 
di^^ram is precisely the same as was followed for Fig. 34. 

There now remains the construction of a diagram for 
the wind blowii^ frxnn right to left, and with the same end 
on rcJlers. But this problem may be treated more advan- 
tageously by retaining, as in Pig. 35, the direction of the 
whid from left to right, and transpodng the roller end frcmi 
the right end to the left end. The stresses fotmd from 
such a diagram (Pig. 36) must, however, apply to the 
members placed in a symmetrical position about the centre 
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line of the truss ; that is, the letters designating the stresses 
in Fig. 36 are all iffimed letters. This method of treatment 
evidently does not apply to unsymmetrical trusses. 

The reactions for this case may be foimd most simply 
in the following manner: It is evident that the vertical 
components of the two reactions are the same, no matter 
which end of the truss is on rollers ; therefore, in Fig. 36, r'a 




FlO. 36.— £tRts Dimgnm; Left 



may at once be drawn from Fig. 35, since it is merely the 
vertical component of ra there determined. It is only neces- 
sary then to connect the points r and a (Fig. 36) to obtain 
the reaction ra. After these reactions are determined the 
stress diagram is to be constructed precisely as before. 

The final stresses in the structure for all possible loads 
are shown in Table II. The final column shows the range 
of stress to which each member may be subjected and for 
which it must be designed; it is to be observed that the 
dead-load stress must always appear in that range, the 
other stresses being included only as the judgment of the 
designer may indicate. It is evident also that in the range 
of stress for any member there must appear but one 
value of the wind stress, for the wind cannot act simul' 
taneously in both directions. 
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Table II. 





lumber. 


■^!S- 


^-ssdr" 


Wind-load 




•^ss.-' 


"■^ 


CH~CB' 
DJ~lyJ' 


-10,500 

- 5^ 

- 4,fco 


-14,700 

- 7.6SO 

- Ms* 


-5,Joo 
-4,35« 
-3,450 


-4,350 
-3,450 


-10,500 
-30.400 

- 5.460 
-17.460 

- 4.600 
-14,500 




EL-E^L' 


- 3.fi5° 


- S.»«> 


-a,6oo 


-»,6oo 


- 3.650 
-11,350 




At 


+ S.7S0 


+ 8,050 


+IS,S«' 


+.» 


+ 5.759 
+ 10,300 




AG 
At 


+ S.7SO 
+ 4,950 


+ 8,050 
+ 6.930 


+ 6^00 
+ S,aoo 




+ 5,750 
+ 10,300 
+ 4,950 
+ 17.080 


Lamer 

chord 


AK 
AK' 


+ 4,100 


+ S.7SO 
+ 5i75o 


+3^»o 
+ ],6oo 


+ 400 
+1,100 


+ 4,100 
+ 13.750 
+ 4,"oo 
+ W.450 




Al' 


+ 4,9So 


+ 6.930 


+ 1,600 


+3,0.0 


x.t% 




AC 


+ S.7S° 


+ 8,050 


+i,6oo 


+ 4,300 


+ S.750 
+ 18,100 




AP' 
PC 
GH 


+ S.7SO 
- 900 


+ 8,050 
- [,360 


+ a,6oo 
-1,400 


+ 4,300 


+ 5.750 
+ 18,100 

- 900 

- 3.560 




ai 


+ 4»0 


+ 590 


+ 650 


' 


+ 410 

+ 1,660 


Web 

memben 


n 

JK 
KL 


— I,90O 
+ 850 

- i.Soo 


- 1.700 
+ 1,900 


-1.850 
+ 1,300 
-1,300 






- 1,100 

; X' 

+ 3.3SO 

- i.Soo 

- 5.900 




LL' 
K'V 
J'K' 
I'J' 
HT 
CH' 


- 900 


- 3.480 

+ i.aoo 

- 1,700 


-1,950 


-I.9SO 
-.,3oi S. 

f:^ ■ 

+ 6jo 
-1.400 


-^,480 
- 7.910 

*■ "JK 
■ •' IJ 

• "HI 

• "GH 
' "FG 



Compaxismi o£ Tables I and II shows that for one end 
CO rollers no stresses differ from those found with both 
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ends fastened, except in the lower chord. Table II fur- 
nishes lower values for the lower chord members near the 
fixed point of support, and h^her v£ilues at the roller end. 
This statement as to variations in stress for the two methods 
of end support is not a general one, although it applies 
in this case, where the entire lower chord is in one straight 
line. 

Counierbraces. 
If the rat^e of stress to which a web member is sub- 
jected includes values of both tension and compression, 
that member mtist be designed to resist both; it is then 
said to be counterbraced. If such a member is constructed 
that it can resist tension only, provision for the com- 
pressive stress may be made by inserting in the same panel, 
and crossing the original member, an additional m^nber 
known as a counterbrace. It will be found that this 
member will be stressed in tension when the compressive 
stress in the ordinal member causes the latter to be useless ; 
the stresses in the members of the structure affected by this 
new condition may then be fotmd by assuming that the 
cotmterbrace is the main member, and that the original 
member does not exist. 

Art. i6.— Fink Roof-trtm. 

F^. 37 represents an appticaticm of the Pink truss to 
roof c(Histruction. It presents a slightly mctte complex 
problem than the truss illustrated in the previous articles. 

The following data are assumed: 

Span -60 feet; 

Rise of peak — 15 feet; 

Distance between trusses — 14 feet. 

The roof covering, including purlins and wind bracings, is 
taken at is pounds per square foot of inclined surface, and 
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the dead ireight of one truss at 3.8 pounds per square foot 
of horizontal projection. A panel load will then be found 
to be 1410+400 -1810 pounds. The stress diagram 
(Pig. 38) is again begun by drawing ntb vertically upward 
as the left-hand reaction and determining the stresses in 
bf and fm ; the direction c^ rotation about any point being in- 
dicated by the ctrciilar arrow (Pig. 37.) Panel points 3 and 3 




Eeet. Ki«-ij(eet. Dutuce betwcum tr 

Diad WtUlf Atmmtd. 
Koot covning indading purlini uid wind-bneios — 1 1 pouiuli per iq. ft. ■irfara, 
TnH— ].8 ponndi per iq. ft. horiiontal pTDtMtioii. 
SoowloM— jslb«.pcriq. ft. hoiiiontal piDjKtion. 
WiaAio»A^40Vt». pcr*q.ft. vsrtical proiectkio. 

FW. 37. 

may then be treated in precisely the way already explained, 
but it will be found that at both panel points 4 and 5 there 
will be three unknown quantities instead of two, and that 
recourse must be had to some other method than the use 
of the simple force diagram. A section is, therefore, 
passed through the tniss, cutting, as shown, the members 
EK, KL, and LM. The stresses in the members cut hold 
in equilibrium all of the external forces on one or t'he other 
ade of the sectitm. In this case the left-hand forces will 
be considered. 

The stresses in these three members may be determined 
by means of the general principles already explained, for 
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the problem is simply that of a set of forces in equilibrium, 
all known except three, the lines of action of the latter 
being given. The funicular polygon is, therefore, drawn, 
the only precaution being that the polygon Fig. 37 must 
start at the intersection of two of the imknown forces. 
In this case the peak was chosen as the starting point, 
being the intersection of the members EK and KL. The 
rays 4, 3, 2, i, and 5 were then drawn. As the forces are in 
equilibrium the polygon must close, and the closing ray 6 
may then be drawn and transferred frran Fig. 37 to Fig, 
38, where it immediately defines the point I and determines 




Fbj. 38, 

the stress in the member ML. Knowing then the stress 
in LM, panel point 5 may be treated in the usual manner, 
as the stresses in the members HI and IL are the cmly 
imknown forces. Panel point 4 may next be treated in 
the usual manner and all the stresses be determined with- 
out further explanation. 

A more simple solution of this problem is possible by 
determining the stress in the member LM by takii^ moments 
about the peak and then inserting its value in the force 
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digram Fig. 38. The graphic solution for the remaining 

■ stresses can then proceed in the usual way. The moment 

equation for the peak as a centre would then be as follows : 

MBX30-SCX22i-CDXis-D£X7i-LAfXi5-o, 



6335X30-i8io(23i + i5 + 7§)-LMxiS-o, 

and the stress in the member LM would be 

LM- +7240 pounds. 

This, of course, should check the value of the stress found 
graphically. 

It is proper to explain also one other method of solution 
of the Fink truss, as illustrated in Figs. 39- and 40. It is 
the method of substitution of diagonals, and is shown 
applied to the right half of the truss. If the members 
K'J' and JT be removed from the structure and be re- 
placed temporarily by the member YX, the stress in the 
member LM may be found by the methods of the ordinary 
force polj^n, the panel points i, 2, 3, 4, 5, and 6 being 
taken in the order named, since at no panel point will 
there be more than two unknown forces. This substitution 
of the diagonal YX does not affect in any way the stress 
in the member LM, for the stress in that member cannot 
be affected by chaises in any other panel of the character 
indicated. In fact, the portion of the truss defined by 
panel points 7, 6, and i might be replaced by any rigid 
mass. Havii^, therefore, found the stress in the member 
LM by this method of substitution, the original web 
members K'J' and /'/' may again be replaced and their 
stresses found in the usual manner, without further difii- 
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culty. No furtiier use is maxie of the dotted line ity in 




Fio. io. 

The treatment of the wind stresses in a Fink truss need 
not be considered here in detail, as the methods to be used 
are the same as those employed in the precedii^ articles. 



Art 17.— Unsyimaetrical Trnwet. 

The treatment of unsymmetrical trusses is precisely 
the same as for those that are symmetrical. Proper con- 
sideration should, however, be accorded to the determina- 
tion of the panel loads, since these are in general no loiter 
equal, and it will \isually be convenient to determine the 
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teactions of the truss by means of the funicular polygon. 
In Fig. 41, whkh represents an tinsyntmetrical truss cany- 
ing at the upper panel points the we^hts shown, the 
reactions es and sa were detennined by means of the 
lower funicular polygon i, 3, 3, 4, 5, 6, the directions of these 




rays beii% obtained from Fig. 43. The transference of 
ray 6 from Pig. 41 to Fig. 42 then fixes the point s which 
determines the amoimts of the two reactions. The finding 
of the stresses presents no difficulties tmtil panel point 4 
or 5 is reached, when one of the constructions of the previous 
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article must be employed. In this case the funicular 
polygon becomes 4', 3', a', i', 6', the point of beginnii^ 
being chosen at the peak. The ray 7 becomes the closing 
line, and beit^ transferred to F^. 42 determines the position 
of the point I. The remaining stresses may then be fotmd 
in the tisual manner. 

The precedii^ constructions are all that are necessary 
to determine the fixed or dead-load stresses in any simply 
supported structure, and they are immediately available 
for finding the dead-load stresses in railroad or highway 
bridge-trusses. They are also applicable for finding the 
dead-load stresses in the open arms of swing bridges. 
These constructions are equally applicable to the dead- 
load stresses in both cantilever bridges and three-hinged 
arches, but the treatment of the fixed-load stresses in such 
structures will be considered at the same time with the 
moving loads. 

Art 18. Bending of Supporting Colunmfi of Roofs. 

The roof trusses of the preceding articles have been 
treated as resting on supports or walls capable of resisting 
the horizontal forces acting against them, the stresses in 
which do not affect the stresses in the truss membra^. 
If, however, the roof-truss be a part of the transverse bent 
in the biiilding (Fig. 43) connected to the vertical columns 
by knee-brackets, the bending stresses produced in the 
columns cause additional stresses in the members d the 
truss. 

The dead loads and snow loads resting on the roof are 
vertical forces causing no bending stresses in the colimms 
and no stresses in the knee-brackets, provided the deforma- 
tion of the truss itself be neglected. If the deflections of 
the truss are considerable, however, additional stresses will 
be produced in the knee-brackets and columns, and also 
in the members of the truss; generally such deflections 
are not considered. It is evident, then, that the methods 
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of the previous artides when treating vertical loads apply 
also to busses mounted on columns. Non-vertical loads 
require further consideration. Such loads may include not 
only wind loads, but loads caused by shafting, hoists., 
cranes, etc. In this article horizontal wind loads only will 
be considered, but the treatment will be general, so that it 
may be appHed to loads of any character which may b« 
resolved into vertical and horizcmtal components. 

The wind forces acting against the vertical side of the 
building and causing flexure in the posts must be included 
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Fig. 43- 

in the loading. Since that surface is usually much greater 
than that exposed by the roof-truss itself, it is xisual in the 
consideration of this type of roof-truss to treat the wind 
load on the truss as horizontal and acting on the vertical 
projection of the inclined roof surface, instead of normal 
to the surface, as previously, but the method is equally 
apphcable to normal loads. 

Pig. 43 illustrates a roof-truss mounted on the posts ac 
and a'c' and connected to them by the knee-brackets bd 
and b'd'. It may be assumed that the upper ends c and c' 
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of Uie posts or columns are hinged to the txrtss so that the 
latter is free to turn about these points; this involves the 
condition that there is no bending moment in the posts at 
those points. Again the truss may be assumed to be 
rigidly connected to the posts at the points c and c^. 

The fastening of the bases a and a' of the columns 
admits also of two distinct methods of treatment. 

The coltmms may be considered hinged at a and a' and 
free to turn about those points or the columns may be 
consid^ed firmly fastened at a and a'. In that case the 
anchorage must provide for the bending moments existing 
at those points. The actual conditions Ue probably be- 
tween the limits indicated. 

Two cases will be considered: Case I, asstuning hinged 
conditions at both ends of the column posts, and Case II, 
assuming rigid connections at the same points. 

Case I. 

The treatment of this case is exceedingly simple in 
consequent of the hinged end conditions at c and a. It 
is only necessary to find the bending and other stresses in 
the columns ac and a'c' and the direct stresses of tension 
and compression in the braces hd and b'd'. 

The total horizontal pressure will be represented by R 
as shown in Fig. 43. \i p is the intensity of the horizontal 
wind pressure, 

R~p(h+hi) (i) 

If H is the horizontal reaction at a and Hi the corre- 
sponding quantity at a', there may be written, 

H^{i-n)R and Ht'nR. ... (a) 

Usually «-i and H=Hi'^lR, The angle made by 
bd with a horizontal will be called a. 

Let Qi represent the horizontal component of the stress 
in bd, the latter being tension on the windward side of the 
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bailding, while on the leeward side the stress in b'd' will be 
compression. Taldng moments about c, 

Hk~^f «Q,{h-g) (3) 

HenoB Q.-^(i/-^) (4) 

Consequently, 

Stress in bd^Qi sec It. ....($) 

Let Qa be the horizontal force acting to the left and pro- 
duced at the top of the column c by the bending moment of 
H acting about 6 as a center ; then taking moments about b. 



Hence 



Hs-£l?-e.(*-8)-£(ti)l. ... (6) 

3 a 

&.H^_i_+M(^,) .... (7) 

The force Qa acts to the right on the roof-truss at c 
while Qi acts to the left at d and to the right at b. Hence 
the resultant horizontal force acting to the right alot^ cd 
is Qt—Qi = ~H+ph. In addition to this resultant hori- 
zontal force the roof -truss is acted upon by the horizontal 
wind pressure between c and the peak of the roof. 

If Qi is the horizontal component of the stress in the 
brace b'd', its value may be taken directly from Eq. (4) by 



from the wind pressure, and writing Hi for H, i,e., 

2-'=f^. « 

Again, Q2, the horizontal force acting to the left at c', 
may be directly written from Eq. (7) by the same changes 
made in Eq. (4), giving 

2''=&, fe) 
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Finally, the resultant horizontal force acting to the 
left at c' will be 

Qi'-Ga'-ifi (lo) 

The stress in the brace b'd' will be 
Qi sec a. 
That stress will be compression. 

The horizontal pressures H —ph and H\ are to be com- 
bined with the horizoatal roof-truss stresses at the two 
points c and cf. 

Hie vertical components of stress in the two braces 
bd and b'd' act as vertical loads at the two points d and d', 
downward at the former point and upward at the latter 
with the direction d the wind, as shown in P^. 43. The 
sti-esses in the roof-truss due to these vertical loads must 
be combined witli the other roof stresses in finding the 
resultants in the truss members. 

The bending moment in the windward column of the 
building has its maximum value, Hg-^, at b with zero 

values at the upper and lower ends. (Fig. 45.) 

The horizontal shear in the windward column (Fig. 44) 
is equal to the horizontal force H diminished by the wind 
pressure between its lower end and the sectiMi under 
consideration, provided that section is below the point b. 
Above the latter point the horizontal ocnnponent Qi must 
be subtracted from H as well as the wind pressure against 
the vertical side of the building. 

The wind does not act directly against the leeward 
column as the latta: is protected by the opposite side of 
the building. The maximum bending moment in the lee- 
ward column (Fig. 46) will therefore have the value Hig. 
The horizontal shear in the leeward column, up to the 
point b', will be simply H\. Between h' and d' this shear 
will have the value Hi —Q\. 

In treating these moments and shears care must be taken 
to determine their proper signs. 
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The overturning effect of ihe wind against the btiilding 
will produce a downward vertical reaction V at a and an 
M-H,i; 




Pig. 47. Pic, 48. 

upward vertical reaction — F at a', those two quantities be- 
ing equal but opposite in direction. Evidently, 

V-% (IX) 

Case II. 
Pig. 47 illustrates the second method of treatment in 
which the posts are assumed to be rigidly connected with 
the foundations at the bases a and a' and with the roof- 
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trusses at their tops c and c^. The knee-braces bd and b'd' 
are also introduced for general stifEness of the structure 
as in the preceding case. It is generally advisable for 
stiffness and increased resistance against lateral pressure 
to make rigid connections both with the trusses at the tops 
of the posts and with the foundations at their lower aids. 

The wind is supposed to act from left to right with the 
intensity of pressure p against the entire structure from 
the peak of the roof to the groimd. The vertical component 
of the normal pressure on the roof is neglected, although 
there are cases where that component should not be 
igntffed. The vertical component would add to the vertical 
loads and not in any way aflfect the following analysis. 

Inasmuch as the upper and lower ends of the columns 
are fixed in direction there will be a point of contra- 
flexure e in the coltunn below the point 6 in Pig. 47. 

A part of the horizontal pressure against the building 
will be transmitted along the member cc' so as to divide 
that horizontal pressure between the tops of the two oppo- 
site columns at c and c'. It is usual and proper to assume 
that division equal between those two points, but in order 
to make the treatment general the formula will first be written 
so as to cover any arbitrary division. Figs. 47 and 48 show the 
notation employed and the manner of applying the lateral 
loads to the column on the windward side of the structure. 

In this case the moment of the stress in the brace bd 
about the top of the column c is a part of the constraining 
moment which holds the top of the column parallel to its 
<»iginal position, and also paralld to the bottom of the 
column, whatever may be the intensity p of the wind 
pressure. The amdysis should therefore be written as if 
the brace bd did not exist, but as if the constraining or fixing 
moment Mo were wholly applied at the top of the column c. 

It is to be premised that the lower end of 6 the brace 
bd is always at a relatively small distance below the top 
of the colimin where this type of construction is adopted. 
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Purthennore, it is to be recognized that, strictly speaking, 
the amount of stress in the brace bd is indeterminate and 
hence any suitable arbitrary amount may be assumed, 
that part of the total constraining moment which is applied 
at the top erf the colimm being Mo less the moment of the 
assumed stress in bd multiplied by its normal distance 
from c. This indetermination mi^t be removed by 
writing an equation of work performed in stressing bd, 
cd, and in the bending of the column by that part of the 
constraining moment applied at the top of the coltmrn c, 
and then determining the stress in W so as to make the 
total work performed a minimum. Such excessive refine- 
ment, however, is not necessary and it is never employed. 

The origin of co-ordinates is taken at c, x being measured 
vertically downwards and y being the horizontal deflection 
of the column at any point located by x. 

The point of contraflexure in the column is at the dis- 
tance k below c and the wind pressure above that pmnt 
against the side of the building per linear foot of the latter is 
P'~pk. 

Again, if ftj is the height of the roof above c, 
P=pki. 

If « represents that part of the wind pressure transmitted 
to the leeward column of the building, remembering that 
the part of the windward colimm ce is a. beam fixed at c 
and simply supported at « as far as the wind pressure 
against that part of the side of the building is concerned, 
and if Qa is the total wind pressure transferred from the 
windward to the leeward side of the building by the hori- 
zontal member cc' there may be written, 

Q2-'niP+iP')=npihi+lk). 

Then if Q represents the resultant horizontal pressure 
acting from left to right at the top of the (xAvmn c there 
may at once be written, 

Q "P -Qi -p{{i -«)fei -Ink] »pA, 
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The windward column shown in Pig. 48 is then to be 
considered as acted upon by the resultant horizontal 
force Q and the constraining monent Mo at its top c and, 
finally, the tmiform wind pressure with intenaty p through- 
out its entire length. 

The bending moment at any point of the column will 
therefore be 

£/^--Mo+M«+^- . . - (i) 
ax' 2 

dv 
Remembering that -r"'0 when x-o, the first inte- 

gratitm of Eq. (i) will give 

ax 30 

Again, remembering that when x—o, yo, t^us making 
the constant ot integration zero, the integration c^ £q. {2) 
will give 

BIy--M^+pA^+^ (3) 

When«=fc, j^-o. Hence Eq. (a) will give 

M^.tA\+t^. (4) 

As shown by the equation preceding Eq. (i), 

A-(i-n)fc,-f«* Cs) 

Hence Eq. (4) will give the constraining moment Mo 
when k is known. 

When x=k in Eq. (i), JE/-t-|=o; inserting the value 
of Mo from Eq. (4), at the same time taking A from Eq. (5) 
and arranging terms^there will result the quadratic eqtiation: 

. . (6) 



^A r^h^— 

I i-^ J I- 
4 4 
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Solving this quadratic equation and then dividing the 
resulting value of A: by A, 



i 



'(■-)^+7 /-»)x+1y 



hZA+ruihZ^:\. (7) 



k 
Eq. (7) pves the general value of the ratio -r whatever 

may be the value of «. It is customary to take «=J. 
Making this substitution in Eq.(7), the resulting Eq. (S) 
is the form usually emplc^ed: 

The only variable quantity in the second member of 
Eq. (8) is the ratio -^ By giving this ratio values from 

zero to one Eq. (8) will be made to cover essentially all 
actual cases. This operation yields the following tabidation 

which shows that the ratio j- varies but little even fo: 
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It would be su£Sciently close in all cases to take k as 
one-half of h, although .55A would be closer and almost 
equally easy. 

The value of k given by Eq. (7) may now be introduced 
inEq. (4) to give completely the value of the constraining Mo. 

If Ml be the moment in the column at its foot a then by 
making x~h in Eq. (i). 

Ml- -Mii-\-pAk+^^ .... (9) 

Mo and k now being known will not give only the moment 
Ml, but also the moment at any other point in the column. 
It is evident that the holding moments above the point 
of contraflexure located by k will be opposite in sign 
from those foimd between the point of contraflexure and 
the foot of the column. 

The horizontal deflection of the column at any point 
and the inclination of the center line of the column to a 
vertical in its stressed condition are obviously given by 
Eqs. (3) and (3), as all quantities in their second members 
are now known. 

Leeward Column. 

The total horizontal force acting at the top c' of the 
leeward column is obviously given by Q2. There will be 
no hcnizontal wind pressure with intensity p on any part 
of the leeward coliunn, as the latter is protected from wind 
pressure by the windward side of the building. The 
expression for the horizontal force Q2 is found in the second 
equation preceding Eq. (i) and it has the value, 
Q3'np{hi+\k)~pA'. 

As there is no horizontal wind pressure against the post 
or column the bending moment is identical in form with 
Eq. (i), except the constraining moment at the top of the 

column is now Mo' and the term ^ — is to be omitted. Hence 
9 

EI^=-Mo'+pA'x (10) 
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As for the windward column, the constant of integraticm 
will be zero. Hence the first integration will give 

EI^--Mo'x+pA'^. .... (ii) 

ax 2 

Again, integrating, y being equal to zero when x equals 
zero, 

EIy--Mo'-+pA'^. . . . (la) 

3 O 

When «=-/[, j^"o. Hence from Eq. (ii), 

Mo'-pA'f^ (13) 

Ux^kin Eq. (10), Eq. (13) supplying the value of Mo', 

k-i. . . . C14) 

As was to be expected Eq. (14) shows that the point 
of contraflexure in tiie windward column is at its middle 
point whatever the wind pressure may be. 

As the ccmstraining moment M9' is now known by 
Eq. (13), the mcnnent Mi at the foot ai the column a' 
at once follows from Eq. (10) by making x »A, 

Mi''-Mo'+pn(hi+lk)h (15) 

Tlie preceding equations give the complete analysis of 
the bending or other stress conditions in both the wind- 
ward and leeward columns of the building. 

Shears, 
The horizontal shear at the top c of the windward 
column is Q, while the shear at the lower end of the same 
column is Q+ph for each linear foot of building. 

The shear at any point of the leeward column is obviously 
Qt, the horizontal shear being constant from the top to 
the bottom of die column. 

. The preceding analysis is applicable to the design of 
columns of a tall building subjected to wind pressure. 
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INFLUENCB LINES FOR SIMPLY SUPPORTED BRIDGE 

TRUSSES. 

An influence line is a line showing the variation in any 
function at a given section of a beam ot in any member of 
a truss caused by any load moving along such a beam or 
truss. It is clear that such a line can be used to indicate 
the positiOTi of the moving load causing the maximum 
shears, moments, reactions, or stresses in any structure, 
and it is for the purpose of indicating and obtaining such 
maxima that influence lines are used. 

In general, influence lines are drawn for a sii^le tmit 
load, and unless noted otherwise, it will be assumed that 
they are drawn for such loading only. 

Art I. — ^Influeoce Line for ReaGti<m. 

A reaction influence line is a Hne showing the variatioD 
of the reaction of a beam under a 



A. 



moving load. If AB (Fig. i) repre- 
sents a simple non-continuous beam 
of length I, and Pi a load moving 
over the beam from right to left, its 
distance at any instant from the right 
p^_ ,_ abutment being represented by x, the 

reaction R at the left will be given 
by eq. i, which is the equati<m of a strai^t line: 

« — 1~- (i) 
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K a Hne KL, parallel to the beam and of equal length, 
be laid ofi below the beam and an ordinate be erected at 
the left-hand end representing to scale the load Pi, a line, 
ML, connecting the end of this ordinate with the opposite 
end of the base line will be a line expressing eq. i graphic 
cally. If the load be at the distance x from B and an 
ordinate CD be erected immediately below this point, 
the triai^les CDL and MKL will be similar, and th^efore 



DL-KL' "• ^^- I 

This equation shows that an ordinate between the line 
ML and KL will represent the reaction at the left-hand 
end of the beam for the load Fi placed at a point imme- 
diately over the ordinate; therefore the line ML is an 
influence line for reaction, since it shows the variation of 
the reaction as the load Pi moves along the beam. 

The influence line thus constructed for a load Pi may 
be used for any other load Q, it being necessary, however, 
to multiply the value of any ordinate drawn for Pi by the 
ratio of Q/Pi. This applies to any influence line which 
may hereafter be constructed. 



Art. 3.— Influence Line for Shear. 

An influence line representing the variation of shear at 
any section, CD, in a beam (Pig. 2) as a load crosses the 
span is derived in a similar manner. As a load Pi advances 
towards the section from the right, the shear at any instant 
will be equal to the reaction R, or Pix/l, and, as before, 
may be represented graphically by the line LM. 

After .passing the section, however, the shear becomes 
equal to the reaction R minus Pi, and is therefore a 
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n^ative qiuintity. To represent this graphically, ordi- 
nates of a value Pi must be drawn downward from the 
line OM, and the locus of the ends of these ordinates will 
be the line KQ parallel to the line LOM. The line LOQK 
will then represent the variation of the shear at the sectitm 
CD as the load Pi crosses the span, the shear being positive 
■ and of an increasing positive value 
as the load advances towards the 
section, and negative and of a de- 
creasing negative value as the load 
leaves the section. It is seen that 
the maximum positive shear is found 
when the load is just to the right of 
the section in question. In practice 
the load is always placed at the section. 

If two equal loads, Pi, separated by a fixed distance a, 
be employed, the maximum shear will be fotmd when one 
of the loads is at the section, and the value of the shear 
will be the sum of the ordinates erected below the two 
wheel loads. 

If two unequal loads. Pa and Pj, separated by a fixed 
distance o, be employed, maximum values of the shear 
will again be found with one load at the section. If the 
influence line be drawn for a load Pi, then for the load P% 
placed at the section, both loads P3 and P3 being on the 
beam, the shear will be represented by the algebraic siun 
of the product of the ordinate corresponding to P2 by 
the ratio of P2 to Pi, and of the product of the ordinate 
corresponding to Ps by the ratio of P3 to Pi. 

If the loading advances to the left to such a position 
that the load P3 is at the section, the shear will be repre- 
sented by the algebraic sum of corresponding products. 
Trial alone determines which position causes the greater 
maximum shear at the section; the second position of the 
loading will usually give the greater maximum shear, if 
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Pi be small ccmipared with Ps, if the distance o be large, 
or if the section CD be near the left abutment. 

This construction can be used in finding the maximum 
shear at any section of a beam when a series of concen- 
trated loads separated by fixed distances, as in the case 
of a locomotive, is used. The operation in such a case 
is as follows : 

An influence line for a unit weight having been drawn, 
the algebraic sums of tt^e products of ordinates erected 
under the various wheel loads by the actual weight of each 
load must be compared for positions of the loading with 
different wheel loads at the section in question ; the values 
of the quantities so found will indicate not only the posi- 
tioa of the loading for maximum shear, but wUl give the 
value of the shear. This operation is not as tedious as 
it may at first appear, since it is evident that the greatest 
majiimum shear usually occurs with the head of the loco- 
motive near the section. Attention is called to the fact 
that should the loading advance so much to the left that 
new loads appear upon the span at the right, such new 
loads must not be neglected. 



Art 3. — Infloence Line for the Reactions of a Series of 
Concentrated Loads. 

The influence Unes so far considered have involved in 
their construction the use of only one load; and the use 
of such lines, in the case of more than one load, has re- 
quired the use of arithmetical calculations. There will 
now be considered the construction of a line such that the 
variation of the reaction of a beam, as well as the reaction 
itself, when a series of concentrated wheel loads passes 
over the beam, may be measured directly from the draw- 
ing. 

In order to simplify the explanation, rally three loads. 
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p;H.a 



Pi, Ps, and P», separated by the fixed distancesa and b, 
will be used, but the construction is general and may be 
applied with ease to any number of loads. Let the posi- 
tions ol the loads be shown in Fig. 3, x representing the 




distance of Pa from the right abutment. Taking moments 
about the right abutment, there will be obtained 



i2-jtPi(a + &+*) +Pa(6 + «) +P»«]. 



(i) 



As before, let KL represent the base line equal in length 
to the span, and let KM represent to scale the loads Pi, 
Pi, Pj, laid ofE upwards from K in consecutive order- 
Prom L lay off to the left, in order and to proper scale, 
the distances a, b, and *. Draw the lines ML, NL, and 
OL. At R erect an ordinate RU to the line IX). From 
U draw a line UV parallel to NL to its intersection with 
an ordinate erected at S. From V draw a line VW parallel 
to LM to its intersection with an ordinate erected a 7". 
Then WT wiU represent ike reaction at the left end of the 
beam for the positions of the loads as shewn; for WT is 
composed of the three parts, TY, YX, and XW, found 
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by continuing LU and UV to intersect WT. By con- 
struction, the triangles OKL -axid YTL are similar. There- 
fore 

YT OK 

TL ~KL' 

Substituting the values of those quantities which are 
known, it is found that 



The triangles NOL and XYV are also similar, by constnic- 
ticm; therefore 

XY NO 
TR ~KL- 

Again, substituting the values of those quantities which are 
known, 

By construction, the triangles MNL and WXV are also 
similar. Therefore 

WX MN „,^ PfX 

Ts-KL' °' ^^ — r- 

By summation, 

YT+XY+WX=j[Piia+b+x)+P3{b+x)+p3xl 

or the reaction at the left-hand end of the span, as already 
shown by eq. (i). 
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The loads may move any other distance x upon the 
bridge. This involves no change in the figure as drawn. 
To find the reacticm for such a change in the position of 
the loadii^, an ordinate must be erected at a distance 
from the left end of 6 equal to the new distance *; the 
intercept on this new ordinate between KL and the line VW 
continued will give the new reaction. The line LUVW 
is thtis an influence line for reactions, since it shows the 
variation in the reaction as the loads Pi, Fj, and P» move 
along the bridge. Thus the ordinate immediately below 
Pi always represents the reaction for that position of the 



In using a uniform load in this form of construction, 
the imiform load should be treated as a series of con- 
centrated loads spaced as closely as the accuracy of the 
problem may demand. 

Art 4. — ^Influence Line for Iffwxi™^'"' Shear, for a Series of 
Concentrated Loads. 

It may now be shown that the line constructed in the 
manner described in the preceding article can also be 
used as an influence Hne to find the maximum shear at 
any section of a beam. Let CD, Fig. 3, be the section of 
the beam imder consideration. If Pi, or the first wheel 
load, is at this section, the shear is equal to the reaction 
due to the loads on the beam or to S'V, If the loadii^ 
advances till P3 is at the section, the shear at the secticm 
becomes equal to the reaction, represented by the ordi- 
nate W'T' minus Pi. Pi can therefore be laid off down- 
ward from W as W'Z. The shear is then represented 
by VZ. If the line V'Z slopes downward to the left, it 
is evident that the shear with wheel load Pi at the section 
is the greater; if the line slopes upward to the left, it is 
evident that the shear is greater with the wheel load Ps 



Digit zed by Google 



Aet. s.] 



INFLUENCE UNB FOR MOMENTS. 



at the section. Shotild P3 give a greater shear, it is a 
simple matter to test wheel load Pa at the section, or, in 
actual practice, any number of wheel concentraticais, as 
in the case of a locomotive. The line LUVV'Z ... is 
evidently an influence line lot ^ear at the section CD. 



Art5.- 

A line which indicates the variation of bending moment 
at any point in a beam imder a single moving load is a 
moment influence Une. Let AB (Pig. 4) represent a beam 
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lijP 
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■ 



<^ length /, and let c be the section which divides the beam 
into the two portions /' and /" and about which moments 
are to be found. If a load P" be on the section I" (at 
the point G, distant af from B, for instance), the moment 
M' about C is the product of the 1^ reaction by the 
length AC; that is. 



M' 



P"sf 



l'~P"ne. 



(i) 
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If the load i^' is a unit load, eq. (i) takes the form 

M'-j-l' (a) 

Eq. (2) is the eqtmtion of a straight line and may be 
represented graphically as follows: Erect on the base line 
AB at A a vertical line AE equal in lei^h to V, and 
connect E with B, the opposite end of the spaxi^. Frc»n 
similar triangles G^/f:/': : 3/: /; that is, 



GH = 



Therefore any ordinate between CB and DB represents 
the bending moment at.C when the unit load is placed 
directly over such ordinate. Similarly, for a unit load 
on /' between A and C and measuring x from A, the moment 
is 

M"-"^ (3) 

and the line AD, representing eq. (3) graphically, is drawn 
by cormecting F, the end of a vertical /" erected at B, 
with A. The line ADB is thus an influence line for mo- 
ments. It is evident from the construction that the comer 
D must lie vertically below the centre of moments. 

If P' is the load cm /', the general value of the moment 
M" represented by eq. (3) is 



/ ' 



'P'm (3a) 



If the load is uniform over the entire sp^i and of the 
intenaty p, i.e. p being the amotmt per linear unit, P" 
becomes p-^ and P", p-dx. By substituting these values 
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in eqs. (i) and (3a) and remembering that difEerential 
moments then result, 

dM' - p —j — P and dm" - p . 1". 

The moment Af at C then takes the value 

M~^(f'xf-dx'-l'+J'xdxr'\''ipPr. . (4) 

Obviously M has its greatest value at the centre d 



-¥ (s) 



It is also dear from the preceding that the area of 
the triangle ABD multiplied by p represents the value of 
the moment M at C for a tmifonn load over the entire 
bridge ; its value is 

M~\AB'CD-p. (6) 

But CD:AE: -.BCiAB, therefore 

_n ^E-BC n" 
^^'~AB ^T* 

Substituting this value in eq. (6), M-\pl'V', as in eq. (4). 
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Art 4. — Cliteiitm for ii'«'ri»niiTii Mrannat at any Section of a 
Beam. 

By means of the influence line of the preceding article, 
the criterion for the position of a series of concentrated 
loads producing the maximum moment at any section 
of a beam may be deduced. Let P" be any load on /" 
(Pig. 4), and m' the value of the influence ordinate corre- 
sponding to this load; P* any load on P, and m the corre- 
spondii^ influence ordinate; x^ the distance of P" from 
B, and x the distance of P" from A ; and then let M be 
the value of the moment at C for any position of the wheel 
loads. If the sign I indicates the summation of terms 
of the same land, 

M-HP'm) + £{P"mf) (i) 

The values of m and m' may be expressed as followB: 



If the loads advance a distance Jx to the left, the value 
if Jlf becomes 
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The change in the value of M is therefore 

m.cD[-i{?:^)^i{^)].. . u) 

For a maximxim or minimtim AM -o, hence 



IP* . 2P" 

I' ' I" ■ 



(5) 



If IP rerTCsents J'P' + JP". then eq. (5) may take 
the form 



IP I 
IP'-r 



(6) 



Eq. (6) is the criterion desired ; it represents an eqxia- 
tion whose conditions must be fulfilled for maximum 
moment. 



Art 7. — Hazimum Moments in a Beam. 

It should be observed that the influence line for reac- 
tions, as found in Art. 3, is a funicular polygon for which 
the pole distance is the perpendicular distance between 
the pole L and the line MK. This polygon differs from 
the ordinary funicular polygon, however, in that the various 
loads and distances are laid off in co^er exactly reverse 
to the usual procedxire; that is, the loads are laid off 
upwards beginning with Pi, and the distances a, b, etc., 
are laid off from right to left, beginning at the right with 
a. This brings the head of the moving load to the right, 
whereas in the usual procedures the head of the moving 
load is at the left. The significance of this construction 
should be carefully noted. 



Digit zed by Google 



7" INFLUENCE UNES. [Ck. n. 

In finding the maximum moments in a "beam, it will 
be necessary to use the funicular polygon as a moment 
polygon in the case of parallel forces and also to use the 
criterion deduced in the precedii^ article. 

In order that the condition of equilibrium expressed 
by that equation may hold, it will usually be found necessary 
to place a load directly at the section, since any portion 
of this load may be considered to be on either side of the 
section. This criterion is easily adapted to graphic con- 
struction. 

In Fig. 4a of Art. 3 draw LE equal to Pi vertically 
above L ; from E draw a horizontal line until it meets at F 
an ordinate drawn vertically from R. Lay off FG equal 
to P2', from G draw a horizontal line GH, etc.; follow 
this same form of construction for the remainder of the 
oads. The result will be the stepped diagram LEFGH . . . 
representing graphically the summation of all the loads, 
and also of all the distances from the head of the moving 
load to any point in the moving system. 

In the case in hand it is desired to find the position of 
the moving load causing the maximum bending moment 
at any section CD distant m from the left abutment. 
Lay off to scale on the edge of a strip of paper the length 
of the beam /, and from the right-hand end of I lay off m. 
It is important to notice that although the section is 
distant m from the left abutment, the distance m must 
be measured from the right-hand side on the fimicular 
diagram, since this polygon is in a reverse position to the 
usual. Move the strip of paper until the load Pa or FG 
is over the section under consideration. If this position 
gives a maximum bending moment, the criterion must be 
satisfied. Erect vertical ordinates at the ends of the beam 
and at the section until these ordinates intersect the stepped 
digram at A', B', and /. Draw a line from A' to B'; 
if the line A'B' passes through the step of the diagram 
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representing the load situated at the section, the criterion 
will be fulfilled and this position of the loading will cause 
maximum bending. Fof, in the similar triangles RJA' 
and B"BA', 

RJ RA' .... IP* I' 
B"B'~A'B"' ^^^^^' IP °l- 

Should the line A'B' not pass through the step GF, the strip 
of paper must be moved until another load is broi^ht to 
the section and the construction above described must be 
repeated. 

If, as in the present case, the criterion is satisfied, the 
bending moment can be immediately obtained. Erect 
vertical ordinates at the ends of the beam until they inter- 
sect the influence line at B'" and A'. Connect these points 
of intersection. As in Chap. I, Art. 10, the value of the 
vertical intercept between this line B"'A' and the influence 
line, when multiplied by the pole distance, will give the 
bending moment at any section. In this way the one 
diagram can be made to serve in finding both maximum 
shears and maximum bending moments in a beam. 

In actual practice it may be found advisable in con- 
structing the influence line to take as a pole distance not 
the entire length of the beam, but only a fractional part 
of it. This will cause the influence line to have a steeper 
inclination and will tend to make more accurate the measure- 
ment of all vertical heights, which evidently will be all 
increased in the same ratio. Care must be taken in such 
a case to give to all ordinates, whether ioT shear or bend- 
ing moment, their proper values. 
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with Parallel and Horizontal Chorda. 

llie graphical operations of the preceding articles are 
sufficient to fumish all the maxunum stresses in trusses 
with parallel and horizontal chords. In finding the max- 
imum web stresses use will be made of the following 
principle: The stress in any web member of a truss having 
parallel chords is equal to the shear in the panel multiplied 
by the secant of the ai^le which the member makes with 
a vertical. If the shear is known, the stress can be found 
very simply by a graphical construction. Let the vertical 
side of a right-angled triangle represent the shear to scale, 
and let the faypothenuse m^e an angle with this line equal 
to the inclination of the web member with a vertical. TTien 
the hypothenuse will represent the stress in the member 
to scale. 

Therefore, in order to find the maximum stress in a 
web member, it will be necessary to find the maximum 
shear in the panel in which the member is situated, and 
this shear will be found graphically by means of an in- 
fluence line differing but s%htly from the influence line 
for maximum shears in a beam. The change involved 
arises from the fact that the loading on a truss is applied 
at the panel points of the chords. It is clear that this 
application of the loads affects only the panel under con- 
sideration, for in the other panels the loads, whether con- 
sidered as they stand or as if concentrated at the panel 
points, cannot influence the shear in the panel under con- 
sideration. 

The shear in any panel is constant between panel 
points, and is equal to the reaction at the left end of the 
truss minus all the loads which may be situated in the 
panels to the left of the panel under consideration, and 
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minus that porticm of the Icpading situated in the panel 
itself which is transferred to its left end. It is evident 
that for maximum shear no load should pass the panel 
itself. There only remains to be considered the distance 
which the locomotive must advance on the panel in ques- 

As an illustration, the maximum stresses in some of 
the web members of an 8-panel, 308-foot Pratt truss will 
be determined, using as the loading the locomotive con- 
centrations designated in Cooper's specifications as £40, 
and assumed to advance from right to left. 

Let AB, Fig. 5, represent the truss imder ccmsidera- 
tion. Draw the base line KL equal in length to the total 
length of the truss. Beginnii^ at L and with wheel i lay 
off on KL and towards the left, to scale, the distances 
between the various wheel loads, and erect vertical ordi- 
nates at the points thus foimd. It should be noted that 
the uniform load is treated as a series of concentrated 
loads, each concentration representing ten feet of uniform 
load. At K erect the vertical KM, and lay off on KM 
upwards, to scale, the amounts of the loads, beginning 
■ at K with wheel i. Connect the points thus found 
with L, which becomes the pole of the force polygon, and 
by the aid of these lines draw the funicular polygon 
LD" . . .N. As already demonstrated, this is an influence 
line for reactions and for shears for a beam with the span 
KL. 

In order to use this line in the present case, it will be 
necessary to find the reactions at the left-hand end of 
any panel when loads are found within such panel. For 
this purpose, a similar influence line must be drawn, using 
in this case, however, the panel length as the length of 
span. This second influence line is ^own in the lower 
left-hand comer of the ^ure as RE; in this case R is the 
pole. 



Digit zed by Google 



76 INFLUENCE UNES. [Cr. U. 

In order to find the maximum stress in any member, 
such as 6-4, for example, it will be necessary to find the 
maximum shear in the panel 3-4: the two influence lines 
already constructed are then to be combined for this pur- 
pose. From panel point 4 let fall a vertical ordinate upon 
the line IJD" . . .N, cutting it at G. GH represents the 
shear at the panel point 4, and also in the panel 3-4 when 
wheel load 1 is at this point. If the load advances so that 
wheel load 3 is at this panel point, the shear cannot be 
measured directly from the original influence line LI/' . . . N 
with its value diminished by wheel load i ; the shear is now 
diminished only by that portitm of wheel load i which 
is carried to panel point 3. The value of this portion is 
known from the line RE, and its position relative to the 
panel point 4 is also known. Therefore this vsdue is 
drawn at the proper point as a negative ordinate from the 
line LD" ...N. 

The same construction is followed for other positions 
of the loadi:^, in which other drivers are at panel point 4. 
The final influence line is GSU, and ordinates between the 
base line KL and GSU will then show the shear in the 
panel, as the loading advances toward the left. By in- 
spection it is then seen that the maximtim shear is TS; 
by employing the construction noted in the b^inning of 
this article, the line SV, drawn parallel to 6-4, will represent 
to scale the stress Ln b-4. The stress in the vertical 6-3 
is found at the same time and is equal to the maximum 
shear in the panel or TS. 

A similar method of procedure is followed in the case 
of all the other web members, including as such also the 
end post. The graphical operations may be performed 
very expeditiously by treatii^ the same load at one time 
in all the panels. By this means the counter-stresses in 
the members are also found at once, for the stresses in 
those members situated to the right of the centre of the 
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trass indicate the maximum compresa<m which can exist 
in the corresponding members to the left of the centre; 
For convenience the stresses in these members have been 
found as if they sloped downward to the right instead 
of downward to the left. 

ITie dead-load stresses can be found in the usual manner 
by a force pd^on, or by representing the shears in the 
truss by a stepped diagram, sind using the construction 
employed above. By comparison with the hve-load 
stresses, the necessity of counter-braces is at once deter- 
mined, and also the values of their stresses. 



Art. 9.— Hazimitm Stresses in the Chord Hemben of a Tnua 
with Parallel Chords. 

In order to find the maximum stresses in the chord 
members of a truss with parallel chords, the principle of 
sections will be employed. The method used, however, 
can only be applied, as far as the present analysis is con- 
cerned, to those trusses in which the centre of moments 
is found in a vertical line drawn through a panel point of 
the loaded chord. The truss and loading represented in 
Pig. 5 will again be employed and the maximum stress in 
the upper chord member b-c will be determined. Panel 
point 4 is the centre of moments for this case; therefore 
the maximum moment at the point 4 must be found. As 
already noted, the fimicular polygon LD" . . . N is in a 
reversed position to the loading as it advances on the 
truss from right to left. Let the line BA below the line 
KL represent the truss laid off to scale on a strip of paper, 
the point 4 representing the centre of moments. By use 
of the stepped diagram, explained in Art. 7, it is foimd 
that wheel la at the section gives one position for maximum 
bending. By erecting ordinates AA' and BB" and drawing 
the line A'B"', the bendii^ moment CD" is, graphically 
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obt^ned, but it must be multiplied by the pole distance 
in arder to be expressed in proper units. The maTimnnri 
live-load stress in 6-c is the bending moment thus found 
divided by the depth of truss. The dead-Io£td stress is 
found either by a force polygon or by means of a moment 
curve. 



Art 10. — T"**!!*"" Lines between Adjacent Puul Ptdnts. 

Beams and girders as a rule carry the loads imposed 
upon them at any point in their spans. In the usual types 
of trusses, however, and sometimes 
even in the case of long girders, 
the load is brought upon the 
8tructiu% at fixed panel points 
only. Due to this redistribution 
of the load at panel points, it be- 
comes necessary to investigate the 
change occurring in influence lines 
which may have been drawn under 
the assumption that a load acts 
where it appears to be placed. 
Let Fig. 6 represent two adjacent 
panel points designated as points n— i and ri> and let the 
load P be distant x from n. The effect of the load P on 
the members of. the truss will be that due to its distribution 
to the adjacent pMiel points. In this case the equivalent 
effect is that due to forces equal in amount but opposite 
in directicm to the reactions of a load P ona. span of panel 
length /. If these forces are represented by R,-\ and R^ 
there will be found 



Jil I T 



Fig. 6. 



Rn 



P(l-x) 



(l) 



(a) 
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Let the ordinates of the influence line beneath the 
panel joints and beneath the load be designated respect- 
ively by y,_i, y„ and y. Since the product of the load P 
by its influence ordinate must be equal to the sum of the 
products of its parts, each multiplied by its corresponding 
-coordinate, there will be obtained 

Py-R,.^y^i-¥Ky (3) 

By the substitution of the v£tlues of eq. (i) and eq. (2) 
in eq. (3} there will be found 



:P-jy— i+-pj'- (4) 

In this expresaon x is the variable quantity, and since 
it appears caily in the first degree, the line which eq. (4) 
represents must be a straight line. The following rule 
may therefore be deduced: An influence line for a single 
moving load showing the variation in any function for 
any part of a truss is a straight line between adjacent 
panel points. 



Alt II. — ^HcmuDt Influence Uses for Any Trtm, 

If the centre of moments lies cm a vertical which in- 
tersects the loaded chord line within the limits of a panel, 
the moment influence line treated in Art. 5 must be 
modified in consequence of the redistribution of the loads 
within the panel to the panel ends. 

In finding the stress in the chord member BD, Pig. 7, 
where the centre of moments C falls within the panel BD, 
the influence line drawn without reference to the existence 
of the panel is only correct for the portions of the truss 
AB and DE, since in finding the moment at C the loads 
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on these portions of the truss are not redistributed. It 
has been ^own, however, (Art. lo) that all influence lines 
for sii^le loads between panel points are straight lines; 




Fro. 7- 

therefore that portion of the influence line which Ues within 
the panel is then constructed by connecting / and F, the 
points of intersection of the influence line already drawn 
with the verticals erected at the panel ends. The in- 
fluence line is then BFJA. 

In order to find the position of a series of concentrated 
loads causing the maximtun moment at the section C, it 
will manifestly be incorrect to use the criterion found in 
Art. 6, but the proper criterion is easily deduced. 

The following notation (Fig. 7) will be employed; 

I' and /" -the distfinces from the left and right abutments 

to the centre of moments respectively; 
I —the length of span ; 
p - the length of panel ; 
q -the distance from the centre of moments to the left end 

of the panel; 
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P and P" —any loads cm the sections AB and DE respect- 
ively ; 

P" —any load withiii the panel BD ; 

X, «', and ac"-the respective distances of P, P, and P" 
ixura the r^ht ends of the various sections ; 

m, m', Eind n— the respective influence ordinates for P, P*. 
and P". 

Then, as usual, the moment M for any position of the 
loads becmnes 

M~2{P-m)-\-l{P'-n)+S{,P-mf). . . (i) 

If the ordinate n is divided into two parts n' and «" 
by the line BF, then the moment M for any position of 
the loads, using a notation similar to that before, becomes 

M-IiP-m) + nP'tt') + ^{P'-»") + £(.P-tn'). (3) 

Eq. (1) may taie the following fonn by substituting 
for the influence ordinates equivalent values found from 
the similar trangles of Fig. 7 : 

If the loads advance a distance Jx to the right, the 
change in the values of the moment becomes JM and is 
equal to 



Digit zed by Google 



INFWENCB UNES. 



-2[p.^Jx] + j[^(,i-f?)J»]-2[p'^^]. 
For a maximiim or miniraiim JM-o; noting that 

.[/^]..[p.j]-.[4], 

there is found 

JP-j[(P+P'+P")j]+^[p"^]-o. . . (4) 

If IW represent all the loading on the span, then 
eq. (4) will take the form 

SP-\-pP"-j2W, (s) 

Tliis criterion is used in the same manner as the cilte^ 
rion deduced for finding maximum moments in a simple 
beam, but it differs from that in one respect, viz., the 
left-hand member of eq. (4) does not include the sum of 
all the weights in the panel, but only a definite portion. It 
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viU iisuaUy be found that the conditions of the equation 
are fulfilled by placing a wheel load at the left esid of the 
panel. 



Alt. 12. — ^Variatioii of Homent within a Panel for a fixed 
Position of the Loading. 

Before proceeding with an example showing the appli- 
action of the criterion just deduced, it is advisable to rfiow 
that if a series of concentrated loads is fixed in position 
on a truss, the variation of the bending moment between 
panel points may always be represented by a straight line. 
Let it be required to find the variation of bending moment 
in the panel p of the truss shown in Fig. 8, the position of 



tiie wheel loads being fixed. Let R be the reaction at A, 
the left end of the truss, for all the loads shown on the 
truss, and R\ the reaction at the left end, C, of the panel 
CD, for the loads within the panel; the other notation 
to be employed is shown in the figure. Then 

R-Pi[(a + 6+c+...+«)+Pa(fc + c+d + ... + H)... 

■'^i — [P«(c+«0+-p4(«') ... }-,«'beii^ the distance between 

P4 and the right end D of the panel. 

If M represents the moment at any point in the panel 
P distant % from A^ 

U-R-x~Pi.{x-m)-P^{x-a~nC) . . . ~Riix-l'). (i) 
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Eq. (i) shows that between panel points M varies 
directly as the first power of x, and that the variation may 
consequently be represented by a straight line. There- 
fore to find the moment at any section within a panel, for 
a fixed position of the loading, it sufSces to know the 
moments at the panel ends; by connecting the ends of 
the oidinates repres^iting these end moments by a stra^ht 
line, any intermediate moment is at once obtained. This 
method is eaaly applicable with a funicular polygon, since 
the latter is a moment polygon for parallel loads. 

Art 13. — ^Problem in Finding tfao Marimiim Stresa in the Loaded 
Chord Hember of a Truss with Web Hemben all Inclined. 

An application of the principles of the preceding articles 
will be made in finding the maximum stress in the loaded 
chord member 3-4 of the 6-panel deck-truss shown in 
Fig. 9. The following data are given: 

Panel lengths, all equal 39 feet 

Length of truss 174 " 

Depth of truss at panel point a 19 " 

Depth of truss at panel point b 34 " 

Depth of truss at panel point c 35 " 

Locomotive loading: E 40. Cooper's Specifications. 

llie reaction influence line LMNPQ . . . and the stepped 
di^iram LABCDE . , . are drawn in the usual manner. 
The truss itself is redrawn on a separate strip of paper, 
but in the reverse position to that of the upper digram, 
the reason for which has eilready been explained (Art. 7). 
It is shown in dotted lines in the lower part of Fig. 9. 
lliis strip of paper mtist then be placed in such a positicm 
that the criterion of Art. 11, 

P * 



Digit zed by Google 



AxT. 13.] THB MjtXIMUU STRESS IN LOADED CHORD STRESS. 85 

is satisfied with respect to the member 3-4. 

In this case, q is the distance 3 to c' ; ^ is the distance 
3 to 4; ^ is the distance i to c' ; I is the distance i to 7. 

Wheel 8 will rest at panel point 3 if the truss be placed 
in the position shown in the lower part of the ^ure. Verti- 




FKt. 9. 



cals erected at the ends of the truss and at the panel points 
3 and 4 will intersect the stepped diagram at the points F 
E, At and C respectively. 

£W is then represented graphically by E^, and IP 
either by A'A or A'B, since wheel 8 toay be talcen to act 
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either to the right or left of the panel point. For a similar 
reason, IP" may be represented correspondin^y either 
by A"C or &C. Prom similar triangles, 

GG':EE'::FG':FE'; 
that is, 

GC^jXW. 
According to the criterion, GC must equal either 

P 
or 

A'S+iffC. 
P 

From similar triangles it is seen that 

iA"C~A'"G"', andthat iB'C~B"G". 
P P 

Therefore, by substituting these values in the criteri(m, 
the value of GG' should equal either G'G"' or GG". In 
the present case G'G lies between these two values; it is 
evident that if wheel 8 be divided into proper parts at 
the panel point, the conditions of the criterion will be 
exactly fulfilled. In practice, therefore, it is only necessary 
to determine whether the point G Hes between the lines 
BC and AC; if it does, as in the present case, this position 
of the loading will fiimish one maximum value for tiie 
stress in 3-4. 

It will usually be found that more than one position of 
the loading will fulfil the required conditions; in such a 
case the actual values of the stresses must be determined 
and the absolute maximimi taken. 
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The value of the moment at £7 is found by means of the 
method of Art. 13. The closing line FQ of the funicular 
polygon is drawn and the points M and A^, corresponding 
to the panel points 3 and 4, are connected by a straight 
line; the intercept XY when multiplied by the proper 
pole distance will give the value of the moment; in this 
case 8,734,000 foot-potmds. The stress in 3-4 is this mo- 



8734000 
35 



ment divided by the lever-arm cc' ; that is, 

349,000 pounds compressicai. The stresses in the other 
members of the loaded chord wiU then be found in a pre- 
cisely similar manner. 

Art. 14. — Detennination of Stresses in Three Non-concurrent 
Members of a Truss. 
A frequent problem * in statics is the determination of 
the stresses in three truss members not meeting in a 
point. It is assumed that the external forces are fully 
known in regard to the magnitude, direction, and point of 
application. In the following treatment these external 
forces may therefore be replaced by their completely 
known resultant. Let the section mn. Fig. 10, cut the 




•^ 



three members U, L, and D of the truss, and let R repre- 
sent the position, direction, and magnitude of the re- 
sultant of the external forces sitxiated at the left of the 



• See Chap. I., Art i^ 



for a solutioa of the lame problein, but stated la more 
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section and which holds in equilibrium the stresses in the 
members in question. 

Continue L till it intersects R at a. Then connect 6, 
which is the intersection of U and D, and a by the line C, 
and which, for the present, may be assumed the line of 
action of a supplementary forx^e acting through a and h. 
The force polygon stu may then be drawn by usii^ the 
three concurrent forces R, C, and L, since only the amouats 
of C and L are unknown. This operation can be repeated 
with the forces C, U, and D, assuming in this instance C 
to be completely known. The resulting triangle is suv. 

If C in the second case be given a direction oppodte 
to that in the first case, it is fovmd that the supplementary 
force C is annulled; in other words, the resultant of two 
of the forces balances the resultant of the other two. Thus 
the forces R, L, D, and U form a closed polygon, and the 
forces which are represented by the sides of this polygon 
are in equilibrium. The stresses D, L, and V are then 
completely determined. 

Art 15. — Stresses in the Web Honben of any fflmply Supported 
Truss. 

In order to determine the variation of the stress in the 
web member or diagonal D of any truss such as shown in 
Fig. II, in which the moving load traverses the lower chord, 
let a load P move over the truss from the right abutment 
to panel point 3. By the method of sections and moments 
it can be seen that the stress in D in this case is influenced 
simply by the reaction R at the left abutment ; it is clear, 
therefore, that with the load P between panel points 3 
and 5 the stress in D will always be of the same sign. 
In the same way for a load P between the left abutment 
and panel point 2 the stress in Z? is influenced only by the 
reaction R'. This stress will always be of an opposite 
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kind to that with the load between the points 3 and 5. 
It should, however, be noted that these statements do not 
apply to trusses of that kind in which the two chord mem- 
bers which are cut by the section meet within the limits 
of the truss.* In the following treatment, therefore, trusses 
of this character are excluded. 

It must be evident that some point in the panel 3-3 
(F^. 11) must be a critical point for deciding how far 



Matir fro 



a load may advance into the panel before the stress in the 
diagonal of that panel is reversed. This critical point 
will be found where the load if applied will cause no stress 
at all in the member. The following construction will 
determine its location. * 

Continue the unloaded chord member a-h until it meets 
the tines of action of the reactions at g and h ; then draw 
the lines gfe and hk through the panel points 3 and 3 to 
the intersection fe. A vertical line through k will deter- 
mine the desired critical point, as will be shown. Assume 
any load P placed vertically over k. Its effect on the 
stresses in the members of the truss is the same as if it 

• See Art. ii of this Chapter. 
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were ■ replaced by its components P^ and Pt acting at 
panel points 2 and 3, the amounts of which are found by 
means of the triangle 2^3, a funicular polygon for this 
loading on a span equal to the panel length. The force 
polygon corresponding to this funicular polygon is shown 
in Fig. II, and represents Pz and Pi to scale. In a similar 
manner g2^k is a funicular polygon for the forces R, Rf, 
Pa, and P», and the values of the reactions R and R' of the 
mfiin truss are found on the same force polygon, F^, 11, 
by drawing a line through the pole O of the force polygon 
parallel to ab. The forces whose moment is to be taken 
and which cause stress in D are therefore R and P^. 
Their resultant, whatever be its value, acts at the inter- 
section of the strings ab and 23 of the funicular polygon. 
But this point of intersection is also the intersection of 
the two chord members U and L, and is the centre of 
moments for finding the stress in D. The resulting moment 
of R and Pa, therefore, is zero and the diagonal sustains 
no stress for this position of the loading. Therefore loads 
advancing from R' to the critical point K will cause stress 
of one kind, and loads from R to K stress of the opposite 
kind. Trusses with the loading on the upper chord are 
treated in a precisely similar manner, the construction to 
be followed in any case being simply this: Continue the] 
unloaded chord member cut by the section till it intersects 
the lines of action of the reactions; then draw lines from 
these points through the ends of the loaded chord member 
which is cut by the section, and the intersection of these 
lines will give the desired point. 

If the moving load is a uniform load, its position for 
the maximum stresses of opposite kinds is immediately 
found; the loading extends alternately from either point 
of support to the critical section. The value of the stress 
itself may be found quickly in a manner which, although 
approximate, is sufficiently exact to cover the usual cases 
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occurring in practice. The stresses so found will have a 
value slightly greater than those which actually exist. 
Assiuning the load to advance from the right abutment, 
the approximation consists simply in neglecting that por- 
tion of the loading acting downward at panel point 2, 
and considering the stress in the di^onal to be caused only 
by the reaction R. The value of R may be found very 
simply either analytically or graphically. By means of 
the construction explained in Art. 14 the stress in the 
member may then be f otmd as follows : 

The reaction R acting at .1 holds in equilibrium the 
three unknown forces U, D, and L. Contintiing U and L 
to intersect at m, and letting D intersect R at n, the force 
acting along the line mn is found to balance these two 
pairs of concurrent forces. In order to obtain the value 
of D, lay off upwards from n the value of R equal to np. 
Throt^h p draw a line parallel to Z? to intersect mn at q; 
pq will then be the stress in D, and will be completely 
determined in regard to amount and direction. In order 
to find the greatest counter-stress, the load must cover that 
portion of the truss not loaded before; otherwise the 
operation is precisely similar to that just described. 

Art. 16. — ^Influraee Line for Stress in sny Web Member of a 

Simply Supported Truss.* 

Method I, 
As a unit load passes over the bridge from right to left, 
an influence line for the stress in £my diagonal, such as AC 
of the truss shown in Fig. 12, may easily be drawn. In 
this case the load is carried at the panel points of the lower 
chord, but the methods to be used are also applicable to 
trusses in which the load is carried by the upper chord. It 

* Tlut type of tnua, however, in which th« chord Qi«mb«is 
AelimiU of theipui fa again exchided (see Art. 15). 
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is clear that all loads between points R' and B will cause 
stresses in the diagonal of the same sign, and their aggre> 
gate magnitude will vary directly as the left-hand reaction. 
The variation of this reaction can be indicated by an inihi- 
ence line for reactions, £ind is a stra%ht line for a unit load. 
Therefore the influence line for stress in the diagonal AC 
for a sii^le load may be drawn upon the reference line 




MN, as a straight Hne NL between R' and B; its slope 
must be fixed by locating two of its points. 

Similar reasoning holds for the distance RC. Hence 
the infliience line for this portion of the truss is also a 
stra^ht line, but since the stress is of an oppoate kind 
from that when the load is between R' and B, the line 
MK is drawn below the reference line. There still remains 
to be determined the influence line when the load is in the 
panel itself. 

It has already been shown (Art. 15) that there is a 
point D in the panel where a load, if placed, produces no 
stress in the diagonal of that panel; and it has been shown 
(Art, 10) that all influence lines are straight lines between 
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panel points. Therefore the influence line in the panel 
itself is found by drawing any straight line through ly . 
found vertically below ZJ. The line iCI^L intersects verticals 
drawn through the panel points K and B. The infltience 
line is then completed by ccmnecttng the points K and L 
with the ends of the reference line M and N, since it has 
just been shown that these portions are straight lines, and 
two points upon each of these lines have now been found. 
Ordinates above the reference line indicate stress of one 
kind, and ordinates below, stress of the opposite kind. 
The scale with which to measure the influence ordinates 
remains to be determined ; but it is clear that if the stress 
is known for one position of the load, such as B, the scale 
is immediately fixed. 

The influence line for a unit load having thtis been found, 
the position of a series of cancentrations causii^ the greatest 
stress can be found precisely as in Art. 2. The loads 
having been placed in a trial position, the sum of the 
products of the ordinates of the influence line by the amount 
of the load placed over any ordinate may be found and 
compared to another trial position. The greatest simi 
will give the position of the loading for maximum stress 
and, by means of the proper scale, the stress itself. It is 
pos^ble, however, by the aid of the influence line just 
developed, to deduce a criterion which will at once enable 
the position of the loads causing the maximum stress to 
be determined. (Art. 17.) 

The ease with which uniform loads may be treated is at 
once evident from Fig. 1 2 ; for maximum stress it is only 
necessary to cover the portion NV of the truss; knowing 
the scale of the diagram, the stress in AC is the area IVLN 
"^I/NXGL. These distances are easily measured from a 
carefully exectrted diagram. 

The scale of a stress influence diagram may be found as 
follows: Let there be placed at any panel point of the 
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loaded chord a unit load, and let there be drawn for this 
one load an ordinary stress diagram for the structure 
furnishing the stress for each member for tiie one load 
employed. These stresses provide at once a means of 
determining the scale of all influence-line diagrams, for 
they furnish for each influence line the value of the 
ordinate below the point of application of the load. 

The use of influence areas becomes immediately avail- 
able in actual design work, if an equivalent imiform 
load could be found to r^lace locomotive conc^itrations. 
Such an equivalent load, however, would vary not only 
with the span lengths, but also with the purpose for which 
it is to be used, that is, for moments or shears. It is 
becoming more the custom, however, in bridge-design 
offices to obtain an equivalent uniform loading for every 
sp£m length, and for all conditions. Once obtained and 
tabulated, they may be quickly applied in all influence- 
line work. 

Method II. 

The variation of the stress of a web member, such as 
CG, in the truss shown in Fig. 13, may under certain con- 
ditions be more conveniently represented by the aid of the 
following analysis: 

fi -that portion of the span length between the left abut- 
ment and the left end of the panel cut by the section ; 

!z — that portiOTi of the span length between the right 
abutment and the right end of the panel cut by the 
section; 

^— the psmel length; 
/ — the length of truss ; 

m— the distance between the centre of moments and the 
left abutment ; 

X — the distance of any load from E, the centre of moments ; 
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. Ra and Ra = the left and right reactions respectively ; 
d —the lever-ann of CG about E (not shown) ; 
Sa luid Sb " the stress in the member CG for a single load 
on each span section li and /a respectively. 




Then, for a unit load on li, the general expression for 
Sa becomes 



Sa 



RBJl+m) 



(I) 



..Sa 7-3 (a) 



SimiU^Iy, for a unit load on the span I3, the general 
value of Sb becomes 



Sb-- 
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But R.-'^"-': 






. „ (I+>»-a;)iii 
■'"' Id 



(3) 



The variations expressed by eqs. (s) and (3) may in the 
usual manner be represented by straight lines. But when 

x^o the values of Sa and Sb each become equal to 75 > 

this means that the straight lines intersect or cross at the 
origin of ordinates (also origin of moments) where x-=o. 
Following this reasoni:^ the influence line tor stress in 
CG may at once be drawn; through any point, as C/, in 
the vertical line through E draw the lines UV and UT 
to the ends of the span. When x-'tn, S^-o; and when 
x — l + m, Sb — o. Hence eqs. (3) and (3) represent the 
lines UYT and UVW. Dropping the verticals CW and 
DV and connecting W with V, the influence Une VWXYT 
at once results, for within the panel CD this line is stra^ht. 

Whenever the centre of moments falls within convenient 
limits on the drawing. Method II is preferable to Method I, 
as it is general and holds whether the centre of moments 
falls within or without the limits of the span. 

The scale with which to measiu^ the influence line 
is easily obtained, for, after having obtained the stress in 
CG for a load placed at any point, such as D, the scale 
for the remaining ordinates is at once determined. 

It ^ould be noted that this analysis is also directly 
applicable for drawing the influence hues for the stresses 
in the chord members. 
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Art. 17. — CriterioD to Determine Position of Loading for 
■f^Tjniiim Web stress. 

The web member CA of the truss shown in Fig. 12 will 
be chosen, and it will be supposed that the loads advance 
upon the bridge, along the lower chord, from right to left. 
It is at once seen, by inspection of the influence line, that 
in general no load must pass the panel in question, since 
loads in that portion of the truss to the left of the panel 
will always cause negative stress; the exact distance which 
the loading must advance into the panel is then the quantity 
which must be determined. let / be the distance from 
the end of the span R' to the point D at which a load causes 
no stress in CA ; I' the distance from the right end of the 
panel to the same point D; x the distanceof any load P 
from the end of the span; x' the distance of any load P 
from the right end B of the panel; m the general value 
of the influence ordinate between R' and B corresponding 
to a unit load; {m—m') the value of the similar quantity 
between B and C; a the value of m' at the point Z>; £P 
all the weights on the bridge; IP" the weights on the 
panel BC ; and S the stress in the member AC. Evidently 

S'-IPm~2P'm' (i) 

From similar triangles there is found that nf-r and 

ok' 
m* — -y . Substituting these values, eq. (i) becomes 

S^a^-JPx-pP'x'^ (3) 

If the train advances to the left by an amount equal 
to 4x, the stress becomes 

S'-a I jIPix+Jx)-^IP'{x' + ''*2 f • 
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and the change in the stress is therefore 

JS-S'-S-aljSPjx-^IP'Jxl, . . is) 

assuming that no new loads advance upon the truss, and 
that no new loads enter the panel. 

Pot a maximum or minimum J5~o; hence for this 
condition 

I' IP' ^^ 

This equation is a perfectly general equation of condi- 
tion for finding a maximum stress, and is made applicable 
for finding the greatest counter stress by substituting for 
/ and /' the proper q^iantities measured from the left ends 
of the truss and panel. 

In order that eq. (4) may hold, it will usually be found 
necessary to place a weight at the panel point B, and to 
consider only so much of it in the panel CB as may be 
necessary to fulfil the ctmditions of the eqiiation. 

This criterion may be used graphically precisely as in 
the case of moments in Art. 7. Lay off the weights Pi, 
P3, etc., on a vertical line passing through A^, Fig. 13, 
beginning at the bottom with Pi, and on a strip of paper 
lay off the distances between the loads, beginning at the 
right with Pi. Let NE represent the total load IP on 
the bridge. Pa being at the panel point B. Connect D' 
with £ by a straight line cutting a vertical erected at B 
or P3 at F. If a horizontal line drawn through F inter- 
sects the load Pa on the line NE the equation of condition 
is satisfied, and this will be one position of the loading, 
causing maximum stress. For, from similar triangles, 

D'G NH V IP* 

D'N^NE ^ T~IP- 
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Application of the Criterion. 

An application of this method to find the maximum and 
minimum stresses in the diagonal St of the truss shown in 
Fig. 14 will now be made. The following are the required 
data: 

Span = 264 feet; number of panels — 8; panel length 
-33 feet; depth of truss at centre-42 feet; length of 
5i = 39 feet; length of 5i— 31 feet; loading""£40 of 
Cooper's specifications. 

Following the methods of Art. 15, it will be fotmd that 
D is the point where a load, if placed, will cause no stress 
in Si, and this point is projected vertically downward 
as 1/ upon the base line MN. It will be supposed that 
the loading h^s advanced upon the span from the right, and 
to such a point that wheel load 3 is at the panel point B, 
The number of concentrations on the span, as well as the 
position of each load, is easily found by laying off to scale 
on a strip of paper the distances between the loads and 
moving this strip until wheel 3 is at the point G. The 
line MN shows this particular position of the loads. It 
should be noted that 10 feet of uniform load are treated 
as one concentrated load, the effect of the latter being 
to act at the centre of the lo-foot section. The amounts 
of the wheel loads are then laid off upward in regular 
order on the vertical erected at the right end of the base 
hne, extending from N to E. The points D' and E are 
then connected by a straight line and a horizcmtal FH 
drawn throi^h F, the intersection of D'E with a vertical 
erected at G. Then, since FH intersects the load line in 
the load 3, the conditions of eq. (4) are fidfilled, and this 
position of the loading causes a maximimi stress. 

In order to determine the actual stress in 5^, it will then 
be necessary to find both the reaction at the left end of the 
span and the reaction at the left end of the panel ; these 
may be found, both for this position and other positions 
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which the loadtt^ may occupy, from a reactitwi -iiifluence. 
line NSTU for the main span and a line V.W, shbwri' in the 
left-hand comer, for the panel length. -.TheSe foices'JCi;- ■ 
and X'Y' are the caily external forces acting at the left 
of the section passing throt^h the members UaS* and La ; 
therefore their resultant holds in equilibrium the stresses 
in these three members and these stresses may be found 
by means of the method of Art. 14. 

At this point, however, an approximation involving 
but small error and that on the side of safety will be in- 
troduced and consists simply in neglecting the panel re- 
action X'Y'; that is, instead of t^dng the resultant of 
these two external forces, which acts a little to the left of 
the point R, only the reaction XY at R is taken. The 
point A, which is the intersection of the lines of application 
1/3 and S4 is then connected with the point R, which is the 
intersection of the lines of application of Lz and XY, and 
the force diagram PRLK drawn, the line RL representing 
to a much reduced scale the ordinate XY found from the 
reaction influence line below the wheel load i. By means 
of the proper scale, the maximum stress in 54 is thus found 
to be a tension of 157,000 poimds. 

In order to find the minimum stress, the compressive 
stress in the member S*' situated in a corresponding position 
on the other side of the centre c^ the truss will be found. 
By means of an exactly amilar construction to that em- 
ployed above, it is found that wheel load 2 at panel point 
C' will cause a maximtim stress. The reaction is found 
to be X"Y" and the stress by means of the polygon R'P'K'U 
at the right end of the stress is found to be a compression 
of 53,000 pounds. The length KL' is equal to X"Y". In 
order to avoid confusion between main and counter stresses, 
the diagrams for main stresses should always be drawn at 
the left end, and those for the counter stresses at the right 
end of the truss. 
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As ake^dy noted, the values of the stresses found in this 
mann«- are not. quite exact; in order to make them ab- 
f^lut'ely so, the jj*iect of the small forces acting at the left 
end of any panel in question must be included and may 
be treated as if existing independently of the main reaction; 
the qtiantity thus found separately must be added alge- 
braically to the stress previously fotmd to make the latter 
exact. For instance, in the case of S4 the quantity X' V 
is equal to 6500 pounds acting downward at C; passii^ 
a section through f/j, St, and Lj it is found that, due to 
X'Y', S^ sustains a eompression of 7000 pounds; the exact 
stress in Si is therefore 157,000-7000-150,000 pounds 
tension. The percentage of error involved in the approxi- 
mation is never very lai^e ; the juc^ment of the designer 
must determine whether to apply the exact procedure or 
whether to make the approximation. Stresses in the 
other web members may then be foimd by similar methods 
of procediu^. 

There still remain to be determined the stresses in the 
chords, which are found precisely as in the case of trusses 
with parallel chords by findit^ the maximum bending 
moments at the various panel points and dividing those 
moments by the proper lever-arms for the various chord 
members. For instance, to find the maximum stress in 
Lg the maximum bending moment for the point A is 
divided by the distance AC, and the quotient is the stress 
in L3, In this way all the live-load stresses may be found ; 
the dead-load stresses, as usual, are to be found by means 
of the ordinary force polygon. 

-The preceding work, involving the use of wheel-load 
concentrations, requires that for every truss a separate 
reaction influence line NSTXU must be drawn. This 
requires careful draughtsmanship, and could be avoided 
if equivalent imiform loads could be fixed upon, for then 
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the methods of Art. i6 would be simply applied, and 
infiiunce areas would replace influence lines. 



Art i8.— TruMM with Subdivided Paneli. 



5 of long spans frequently have panels subdivided 
■in the maimer shown in Fig. 15. In the case there shown 




Fro. 15. 

the panel L^Ls is divided by the tie-rod MtLi, which is 
himg from the point M* and which distributes the weight 
it carries at its lower end to the main panel points of the 
truss by means of one of several subsidiary trussed panels. 
In this way, long stringers and consequently heavy floor 
systems are avoided.' The stresses in the truss remain 
perfectly determinate, but the criteria previously deduced 
either need some additional explanation or require some 
modification to be applicable to this form of truss. It should 
be noted that t/»Z,fl is the main web member of the panel 
LtLs and that VtLt is the counter member, but that por- 
tions of each of these web members are also included in 
the subordinate framing. The members MfM^, UtMt, 
etc., shown in dotted lines are not true parts of the truss ; 
their functions are simply to support compression members 
at intermediate points, and thus by reducing their effective 
lengths permit the use of higher intensities of stress. 

In the treatment which follows it will not be necessary 
to discuss both the main and counter web members, since 
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the same methods are applicable to both ; it is only ne(%s> 
sary to remember that main members have their maximum 
stresses when the loadtt^ covers the loiter portion of the 
truss and counter members when the loading covers the 
shorter portion of a truss. 

Considering, then, raily the panel LaLs, Figs. i6 to 19, 
the dotted lines illtistrate the various ways in which ihe 




subordinate bracing may act to transfer the load at the 
point Mi to the panel points La, Ls, Ut, and f/g. In 
Fig. 16 the trussing LtM^i distributes the load to L3 and 
Lt; in Fig. 17 the trussing UtM^Us distributes the load 
to C/3 and t/g; in the former case the subordinate inclined 
bracing (shown in dotted lines) is in compression; in the 
latter, in tension. In Fig. 18, the trussing UiM^X^t dis- 




FIo. 19. 



tributes the load to Ua and Li and similarly in Fig. 19, 
UbMiJ^s distributes the load to U^ and /,»; in these two 
cases the subordinate bracing is partly in tension and partly 
The tie-rod sustains tension in all cases. 
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Art. 19. — M«»iiiiiitii Web Stresses in Trusses vith Subdivided 
Psnels. 

It is at once seen that the bracing shown in dotted 
Hnes in Figs. 16 and 17 transforms the short stringers 
LiLi and L^J^^ into one trussed stringer, and that the loads 
on the panel length Z.&Ls are distributed only to the points 
Lz and Z-b- The criterion of Art. 17 may then be imme- 
diately applied as it stands, taJdng LfL^ as the panel 
length. The maximum stress in U^s will then be found 
as the tension resulting from the position of the loading 
determined by this criterion; but in Fig. 16 this stress 
must be decreased for Af 4L5 by the amount of compression 
which this portion of UtLi carries as a member of the 
trussed stiii^er. Similarly in Fig. 17 the stress in U^M* 
• must be increased by the amount of tension which this 
member carries as its share of the trussed stringer. 

la treating the web member of Fig. 18, it will be neces- 
sary to consider the form of the influence line for stress 
in M4L6. Passing a section through UtU^, M4LS, and 
LtLs, it is at once seen that for a load between the right 
abutment and Ls, the stress in MtL^ varies directly as the 
left-hand reaction. Similarly for a load between the left 
abutment and L4 the stress varies directly as the right- 
hand reaction. Consequently the criterion of Art. 17 is 
directly applicable to M4L6, the panel length in [this case 
beu^ the short panel L^s- This reasoning applies in 
exactly the same way to the short panel length L^Lt in 
the case of UaM* of Fig. 19. 

, The maximum stress in the remaining portion of the 
member U^Ls in either of these two cases is then iissumed 
to be that already determined for the other portion, in- 
creased or diminished, as the case may be, by the amount 
of stress which the part shown in dotted lines must carry 
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in performii^ its duty as a part of the subordinate bracing. 
It is evident, however, that this result does not give the 
absolute maximum stress that may occur in U^Mt (Fig. i8) 
or MtLi (Fig. 19). The stress in these members is com- 
posed of two parts — that part due to the true stress in the 
■web member itself, and that part due simply to the weight 
carried by the tie-rod. A criterion indicating the position 
of the loading giving a simtdtaneous maximum condition 
of these two factors is not a simple one. As but a small 
error is involved in assuming that the position of the load 
causing maximum stress in one portion of the web member 
will also cause the maximum stress in another part, the 
same position of the loading is generally assumed for both 
portions of the web member. 

These investigations indicate that the maximum web 
stresses in trusses with subdivided panels may be obtained 
by means of methods previously deduced.* 



Art. 20. — MflTi'n"'n Chord StreBKS in Trusses with Subdivided 
Psnels. 

Unloaded Chord. 

The stress in any unloaded chord member such as U9U4 
(Fig. 20) is found by passing a section through UiUt, U^Mt, 
and L3L4, and with the centre of moments at Ls, equating 
the moment of the external forces situated on one side 
of the section with the moment due to the chord stress. 
Although the centre of moments is at Lj, the only external 
panel forces on one side of the section are Li to L», the 
load at pjinel point L* not being included. 

* The two cases of Figs. i8 and 19 are Tccognized in order to complete &t 
treument, although it is doubtful whether an entire panel load out *ct u diown 
t^ die dotted lines of those figures. 
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This invalidates therefore the tase of the simple criterion, 
IP I 
IP' ~l" 
deduced in Art. 6. By methodsparalleltothoseof that article, 
however, the proper criterion may be quickly deduced. 

The influence line for the stress in UiU^ is easily drawn, 
for as a load passes from the left end of the truss to panel 




p(»nt Ls, the sti;ess varies directly as the right-hand truss 
reaction, i.e., as a straight line. A proper slope for this line 
may be indicated (as in the case of moments, Art. 5) by lay- 
ing off EL equal to /" on the right end of the reference line 
and connecting L with A, the left end of the reference line. 
In a similar manner, the line EF indicates that between 
Lo and L4 the stress also varies as a straight line, and its 
dope is found by laying off AK equal to /' at the left end 
of the reference line. 
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Since all influence lines for single loads are straight 
lines between panel points, the influence line may then 
be closed by the line JF. 

The notation which will be employed to develop the 
criterion is indicated in the figure. P, P", and P' represent 
in general any load between La and Lt, Li and Lt, and 
L4 and i-13. respectively, while m, n, and m' represent the 
corresponding influence ordinates. 

In general, then, the stress in UtUt may be represented 
by the following expression : 

S~£iP-m) + I(.P"-n) + I(.P'-m'). . . (1) 

The ordinate » may be divided by the line BF; then 

£(P"-»)~IiP"n') + I(P"-n"). . . (a) 

By substituting this value of I(_P" -n) in eq. (i) and 
by replacing the values of the influence ordinates by equiva- 
lent values found from similar triangles, the value of 5 
becomes 

By moving the loads an infinitesimal amount to the 
left the change in the stress or J5 becomes 

DijiiiMb, Google 
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-.[p.^..x] + .[p.-.<rM'.,.] 

The conditicm for maximum stress requires that JS 
be placed equal to zero. By simplifymg terms and by 
noting that 

.(..9-.(p.j)-.(.4), 

there will be found that 

i[(p+p'+p")-j]-iiP)+i(^p"-^y . (5) 

Eq. (5) is similar in form to eq. (5) of Art. 1 1, the latter 
being the criterion for finding the maximtmi bending 
moment at any point in any truss. It differs, however, 
in this essential, that in the present case the factor to be 
applied to the loads within the panel is p/q and not q/p. 

The position of the loading having been determined by 
means of this criteritm, the stress in UgUt is found b> 
taking moments about Ls. The maximum stress in UtUs 
occurs with the same position of loading as UaUt, and 
its value is also the same. 

Loaded Chord. 
The stress in any loaded chord member such as L^L^ 
is found by passing a section through UaUt, UiM^, and 
L%Li, and taldng the centre of moments at l/g. This 
permits the use of the simple moment criterion, 

IP l_ 
IP''P 
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of Art. 6, and no unusual conditi<ms are encountered in 
finding the stress in L^L^. The maxintum stress in LiLt 
is found with the same position of loading as L^L^ and 
the value of its stress is exactly the same. 

Art. 31.— Countcr-Stnnei in a Vertical Po«t at an Ancle 
in a Chord. 

Althot^h the usual stress in the vertical post of a truss 
with incUned upper chords is compressive, it is possible 
for such a member to receive a counter tensile stress. 
This counter stre^ is not caused by the n^jgi.tive shea r 
in a pan el, but it occurs when the i ncl ined web memSCT , 
cutting the upper end of the vertical at the unlQfujPfl 
chord , sustains a s mall or even zero st ress. In that case 
the equations of equilibrium, as applied to the imknown 
forces at the panel point m question, involve only the 
stresses in the two chord members and in the vertical post. 
Since the axes of the two chord members meeting at that 
point are not in a straight line, a component in the direc- 
tion of the post must result. In a throi^h truss with 
horizontal lower chord this component furnishes tensile 
stress. It becomes necessary, therefore, in order to deter- 
mine this maximum tension in these posts to find that 
position of the loading which causes a zero stress in the 
inclined member; that is, the live load must cause a stress 
in this inclined member eqtial and opposite to that of the 
dead load. This position is easily determined by the use 
of the influence line. 

Assimiing for the present that the position of the loading 
causing the maximum tension in the post is known, it 
becomes necessary to deduce an expression for the tensile 
stress in that member. . Let Fig. 21 represent a truss in 
which it is desired to find the tension in the member t/»Lj 
when the stress in U^La is zero. It will be convenient 
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first to detennine the stress in U9L2 for a load P placed 

at panel point Z.3. The foUowing notation will be ttsed: | 

p- panel length; | 

fc-the height at the panel tinder conaderation — ^in this | 
case the length (/2L3; . 

di-thedifEerencein the height of t/iLi and U2La;- 
da — the difference in the height of C/aZ.3 and UfLi ; ' 

d^di-d,; 

/- the length of truss ; 
h -the length of the member U1U3', 
is -the length of the member U3U3; 
P -the load at the panel point Z-i ; 
«— the number of panels (of equal length) between the 

left end of the truss and the member UtL^ ; 
f^l— the lever-arm of t/iC/a about Lt; 
C3=the lever-arm of U%Ut about La; 
a and a' —the angles of inclination of UiUa and U^Ut with 

a horizontal respectively ; 
R -the reaction at left end of span. 
Then for the load P at Lz, 

{l-np)P 
R J . 

The stress in [7»La may be determined by findii^, first, 
the stresses in f/it/3 and U2U3 and taking the difference 
of their vertical components as the stress in U3L2. By 
taking moments about La and omitting the stress in UaLt 
(which is assumed zero), the stresses in C/it/a and VtU% 
will be 

IT TT ^•"^ - 
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Their vertical components are tiien respectively 

Rnp . , Rnp . . 
^-sma and ^-smor. 

Ci Ci 

Tbe tensile stress in VtLt is the difference of these 
vertical components: 

rr , n /sin « sin a'\ , . 

But 

sma=7- and sm«-T-; 



h , Ca h 

-J- and — -T-. 



Therefore eq. (2) takes the form 



Rnpd Rnd 
' k-p " * ■ 



(3) 



Eq. (3) furnishes the expression by whose aid the in- 
fluence line for the ten^e stress in the ntimber UtLa 
may be drawn. As the stress in U2L2 varies directly as 
R the variation in stress for loads at other panel points 
may be represented by the ordinates between the base 
line MN and the straight lines drawn from the end of the 
ordinate KL below La to M and AT, as in Fig. 32. It 
should be noted that this influence line, although for a 
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web member, shows no reverb of stress throug^Kiut its 

length ; it is to be used only when the stress in U^L^ is 
zerp. The scale of Fig, 22 is found by the aid of eq. (3), 
which furnishes the value of the ordinate KL, the stress in 
UiLi, when the load P is placed at Lj. 

In order to determine the positioD of the load which 
causes the maximum tension it is necessary to use the 
influence line for stress in the member UsLf. This line 
is represented by M'K'K"S' in Fig. 22, the method of 
deriving it being that of Art. 16. The loading must advance 
from the left tonard the right until it is found by trial that 
the live-load stress in U^% is just equal to the dead-load 
stress found previously.* The stress in UaL^ for this position 
of the loadii^ may then be determined from the influence 
line drawn for that member. It is usual in the treatment 
of this counter-stress to substitute a tmiform live load for 
the actual locomotive concentraticais. The results thus 
obtained are not rigorously exact, but to use locomotive- 
wheel loads would involve needless refinement. 

One other point, however, remains to be considered, 
namely, that it may be possible to obtain a zero stress 
in the member U^Lt with a positicsi of the loadii^ that 
would cause greater tenaon in the member [/3L1 than for 
the position just determined. This positicm of the loading 
is that caused by trains enterii^ simultaneously upon the 
bridge from the two ends, but with a greater load on the 
left end than on the right end. In that case the stresses 
in t/aLa caused by the two different loadings tend to neu- 
tralize each other, but the left-hand loading must be so 
much greater as to balance the dead-load stress. Such a 
position may cause greater tension in the member t/aLa, 
since according to the influence Une for t/jZ-a every addi- 
tional load on the truss increases its stress. 

* Two positions of tbe loading may cause tbe dead load stress to be 
neutralized, as will be shown in the Example, page 1 15. 
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Example. 

As an eoEample, the maximum counter tension in the 
member UaL2 of the truss analyzed on p. 239 of the authors' 
" Metallic Bridges " and shown in Fig. 23 tnll be determined, 
the locomotive com^ntrations being replaced by a unifonn 
live load of 3800 pounds per linear foot. 

On page 227 of " Metallic Bridges," the dead-load stress 
in UsLi is fomid equal to —30,000 pounds. When the live- 
load tension in U8L2 is greater than 30,000 poimds, there 
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Fig. 23. 

will be a countcn' tension in the post LzUi. As will appear 
below, when the continuous load is advanced from L© to 
any point between Xi and X3, there will exist a counter 
tension in U2L2. However, it is evident that for the maxi- 
mum counter tension the greatest length of load consistent 
with the requirement that U2L3 be out of action, must be 
on the span. Therefore, the load is advanced to the point 
Xi, whose location will now be explained. 

The influence line for UiL^ is drawn in the usual manner 
(Pig. 23) as follows: the^chord member U3U3 is continued 
until it intersects verticals through Lo and Ls at the points 
a and 6. Lines aLa and hLs are then drawn to their inter- 
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section at c. The point c is projected to C on the base line 
AB, where it indicates the position of the load on the truss 
causing zero stress in UtLa. Placing a load of unity at La, 
it may then be found that the stress in UzLa is +0.470. 
The ordinate, DK, is then drawn with this value and the 
completed influence line is ADCEB. 

It is necessary to detennine to what point the uniform 
load must advance from Lo so that the live-load stress in 
UtLi will reach +30,000 poimds. Since the uniform load 
is 3800 pounds per linear foot, the area under the influence 

line to represent this stress must be ^-l — —10.7. By the 

geometrical relation that AQ" : AK^::axe&AQP : aie&AKD 
it is found that AQ equals 47.7 feet when the area APQ - 10. 7 , 
the area ADK being already known as 50X0.470X^ = 11.7. 

There is another position at which the live-load stress 
equals +30,000 pounds. The area v4DC^ — |X6i X0.470 
- 14.4, and by subtracting the area APQ, the area PDCQP 
is found to be 3.7. When CM equals 14 feet, the area 
CMi2C- -3.7. Vertically above iW is the point Xa. The 
net area intercepted on the influence line once more equals 
10.7 (=10.7+3.7—3.7) and the live-load stress in UsLa 
has decreased from its maximum value, and has again 
become equal to the dead-load stress. 

The influence line for U2L2 is then drawn. Placing a 
unit load at L2, eq. (3) will furnish the following value, 
remembering that : 

d = a, n = 2, ^=33, and i?=o.75. 



33 

The influen<« line for U2L2 is then FGH, the ordinate GN 
having the value 0.0909. The tension in UaLa for the 
loading just found is therefore 

t7aZ,a=28oo (area FGN+GZWN). 
or, l/sLa^aSoo (3.3+3.0) •■ 13,000 pounds. 
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Art aa.— Liflnence Line for Stren in tlw Web Member of a 
Thus when Uie Centre of Munenti FaHe witbin the Umita 
of tlu Truss. 

The influence Hnes for stresses in web members deduced 
in the previous articles are applicable only to those trusses 
in which the centre of moments falls outside of the limits 
of the truss. In the case of the web member UiL^, shown 
in Fig. 35, the influence line may be determined in the 




y,s. 



FW. aj. 



following manner. The stress in this member, f/iLj, is 
found by passing a section through the members U\U^, 
U1L2, and LiLa and dividing the sum of the moments of 
all the external forces (not shown) on one side of this 
section about c, the centre of moments by the lever-arm 
d of UiLa about c. 
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Assuming a load of imity to pass between the left 
end of the truss Uo and the left end of the panel Ui cut 
by the section, the stress in the member may be ex.- 
pressed as 

in which x Teipreseats the distance from the left abut- 
ment. Since the only variable in this expresacm is x 
the variation of the stress may be rqnesented by'a straight 
line, X being of the first degree. The stress is tensile. 
Similarly, for a load of imity between the right end abut- 
ment Uo and U2, the right end of the panel cut by the 
section, the variation in the stress may be represented 
by the straight tine 

Id' 

asstxming x now to be the distance from the right abut- 
ment. The stress is ^;ain tensile. 

These two expressions are proportional to /g and It 
respectively. Erecting MB at the left end of the referent* 
line MN equal to U and NA at the right end equal to h 
and connecting B and A to JV and M respectively, the 
lines ME and DN will form part of the de^red influence 
line. Since it has been shown (Art. 10) that influence 
tines between panel points are straight lines, it then only 
becomes necessary to connect the points E and I? by a 
straight line to complete the diagram. 

It is therefore seen that in the case of a web member 
of the kind shown in the f^ure, counter-stress never occurs. 
The member sustains its maximum stress with the entire 
truss covered with load. A similar construction might 
be developed for the vertical members. It is possible to 
deduce a criterion for maximinn stress in the member 
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U1L2 by means of the influence line shown in the diE^ram, 
but since this form of truss is rarely built such a criterion 
need not be developed. The treatment of an equivalent 
uniform load is, moreover, so simple that it should be used 
to Tephxx the locomotive concentrations. For that char- 
acter of loEiding it is only necessary to multiply the area 
of the figure MEDCN by the proper intensity of the 
uniform load to obtain the maximum stress. 



Art 23. — Influence lines for Skew Bridges. 

Skew bridges are trussed structtires in which the ends 
of the pair of trusses forming the bridge do not lie in a 
line perpendicular to its axis. The skew of a bridge is 
the distance between the projecticms of the ends of the 
trusses measured on the axis of the bridge. This distance 
is not necessarily the same at the two ends. In Fig. 28, 
which represents the plan of the lower chord sjrstem of a 
skew bridge, the skew at the left raid of the bridge is a 
full panel length, or La'L\', while at the right end of the 
bridge it is eL-t ■- cd. This example illustrates a skew bridge 
in the most general form. 

It is customary to place the floor-beams, supporting the 
fioor system, at right angles to the trusses, as shown in the 
figure, and for convenience in the manufacture of the 
details of the portal bracing it is preferable to design the 
end posts of opposite trusses with the same inclination. 
This end is attained by moving the upper end of the end 
post of the further truss, that is, U t! in Fig, 27, half the 
skew distance back of the vertical projection of La', while 
[/«, Fig. 29, is moved half the skew distance in advance of 
the vertical projecticm of Lo. The members Ut'Lj', 
Fig. 27, and UtLi, Fig. 29, will then be parallel. The 
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Upper chord members V^V^ and t/jC/o will not be equal 
in length, nor will V^L^ and V^t be either parallel or 




vertical; but this is preferable to having the end posts non- 
parallel. 
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At the left end of the bridge, such construction in tlie 
example considered is not necessary, for the skew distance 
is a full panel length. 

Should the skew distances at the two ends of the bridge 
be equal, the two trusses would be exactly alike except 
that they would be turned end for end. 

The moving load is taken to pass along the centre line 
ad of the bridge, and this necessitates changes in the in- 
fluence lines for stresses in the various members. Treating 
first the member UiUt of the truss of Fig. 39, it is seen 
that its stress will vary as the moment at Ls. If the 
truss Li . . . L-j carried loads on the span* Li . . . Li, the 
moment influence tine at Ls would be MQN, Fig. 30. 
By referring to Fig. 28, however, it will be seen that loads 
between Li and Le only are carried on that ^>an length. 
Loads are carried on the line cd only in the panel LtLi, 
and a load at d cames no stress in the truss L\Li. Since 
the influence line is straight between all panel points, the 
line SK, Fig. 30, will exhibit the variation of the m<anent 
at Ls for loads between c and d. The final influence line 
is therefore MQSKN. For uniform loading it is only nec- 
essary to measure the area shown shaded, and to multiply 
by the proper intensity of the loading to obtain the value 
of the moment. For concentrated loads the criterion 
previously deduced would require modification for the 
portion SK of the line, although ordinarily no serious 
iaacxMTahy results from the use of the general tormida. 
The values of the moments for different positions of such 
ccoicentrations may also be found by trial and comparison. 

The treatment ci chord member LtLj is shown in Pig. 
31. If the truss had the span length LiLj, the ixifluence 
line would be MSN, the centre of moments being at f/e; 
but owing to the skew, the final line becomes MQK. 

It should be noted that in this truss the stress in L&La 
is not equal to the stress in L^Li if there be a load at Ls, for 
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the member (/oX-s adds a horizontal component at pqnel 
point L«. 

The web members are also treated in precisely the same 
way. Fig. 33 illustrates the treatment of (/»/,«, for which 
the final influence area is shown shaded. 

The treatment of the further truss. Pig. 37, does not 
differ from the preceding. The influence line for the 
member Lo'Li' is shown in Fig. 36. If the truss had the 
span length L^'Lj', the influence line would be MQX, 
M and X being vertically above the ends Lo' and L-/ of 
the truss, and Q being above the centre of moments. The 
loads advance along the centre line ad, however, and those 
at a and d cause zero stress in the truss. The true in- 
fluence line for Lq'Li is therefore TQSN, Fig. 26, and 
the influence area for uniform loading is shown shaded. 

The preceding treatment is entirely general, and may 
be applied to any skew bridge. 



Art. 34. — ^Influence Unes for DouUfr-intenection TnuKi. 

The influence line possesses distinct advantage in the 
treatment of double-intersection trusses whether with parallel 
or broken chords, although in the example treated, F^. 33, 
a truss with parallel chords only will be considered. The 
usual analytical method of treatment is to assume that 
the structure is composed of two systems of trussing, 
Figs. 34 and 35, acting independently. The maximum 
stresses that can occur in each system are foimd by trial, 
and if the same member acts in both systems, the sum of 
the stresses found is taken, provided both have been found 
for the same position of loadii^. Conditions of loadit^ 
which fail to cause simultaneous stresses in the two sys- 
tems must not be considered in such summations of 



In the treatment of chord members the entire structure 
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is covered by load, and its position must not be changed 
when considering the same member for the two systems. 

In the graphical treatment it is only necessary to con- 
sider that a load at a panel point is carried entirely by 
the system of which that pand point is a part. If the 
load is within a panel, it is distributed in some mamier 
between the two systems. 

The truss shown in Fig, 33 contains an even niunber 
of panels and avoids a possible ambiguity which might 
be caused in two systems of trussii^ not symmetrical about 
a vertical centre line, i.e., equal loads placed at 6qual dis- 
tances from the centre of span would rest on two different 
systems. The treatment by influence lines avoids this 
ambiguity. 

Chord Members. 

Let it be required to find the influence line for stress in 
thememberC/it/fi, Fig. 33. This member forms part of Uil/a 
of Fig. 34 and part of UtUs of Fig. 35. Tlie influence 
line for UtU^ is MRN of Fig. 36, the point R being the 
projection of the centre of moments Z^. Similarly, MSN is 
the influence line for UiUs, the centre of moments being 
at Lj. It has been assumed that a load at a panel poin t 
acts only i n the system to which that panel point belongs . 
A load at L4, then, causes a stress which may be repre- 
sented by the ordinate below it enclosed by the line MRN; 
and this applies to all the lower panel points of Fig. 34, 
A load at Li is, however, taken as divided equally between 
the two systems of trussing. Similarly, loads at the lower 
panel points of Fig. 35 causes tresses represented by ordi- 
nates enclosed within the Kne MSN. But all influence 
Knes between panel points are straight lines. Hence the final 
influence line for UtUt is represented by MabcdSRghijkN, 
and for uniform loading the stress would be obtained by 
multiplying the area shown shaded by the proper intensity 
of loading. For reasons already explained, the points a 
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and k He midway between the two original influence lines 
drawn. It is evident that for chord stresses no serious 
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error is involved, if the area of either of the first two in- 
fluence lines be measured. The choice must, however, 
be left to the designer's judgment. 
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Web Members. 

The treatment of web members follows precisely that 
of chord members. In Fig. 37 the line M'QR'N' represents 
the influence Hne for the member L'^4L«, trea.ting it only 
as a member of the system of trussing shown in Fig. 34. 
The points Q and R! are projections of the panel points 
Lt and Lg. Since a load at a panel point of the othe» 
system of trussing causes no stress in L'4L«, the projecti<ms 
of those panel points on the base line M'N' all represent 
zero stresses; that is, the base line M'N' is the influence 
Hne for stress in Utl^, when the loads are placed at the 
panel points of Fig. 35. The final influence line is therefore 
M'a'b'<f^e'R'^h'i'j'k'N'. The points *' and a' lie, as 
before, midway between the two influence lines. 
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CHAPTER III. 
• THE THREE-HraCED ARCH. 

Alt z.— To Pom a Funicular Polygon Through Three Points. 

Lbt it be required to pass a funicular polygon through 
the three points A, B, and C, F^. i, for the loads Pi, 
P 3 . . . P7 shown. The loads Pi , . . Pa. situated between 
the points A and B, will be considered separately from 
the loads Pt . . . Pj situated between B and C. Any other 
division of the loads might be made, but it will usually 
be most convenient to have the centre point B divide 
the loads. 

In Fig. 2 the force polygon PiPjPa is drawn, and the 
closing line furnishes the value of a resultant which will 
balance the loads. Choosing any point, such as (y, as a 
pole, the rays i, 2, 3, and 4 are drawn and transferred 
to Fig. I to form the funicular polygon 1, 2, 3, anA 4. 
Through the points A and B of that figure lines R and Ri 
parallel to the resultant of Pi, Pa, Ps are first drawn. The 
intersections of the bars i and 4 with those lines then 
determine the bar 5. The direction of this bar is then 
transferred to Fig. 2 and drawn through the pole O", thus 
determining the values of the reactions R and i?i acting 
at the points A and B, respectively, for the loads between 
A and B. 

Similarly, choosing as a pole O", the reactions R% and 
Ri for the loads between B and C are found for the points 
B and C. The conditions of the problem require the 
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funicular polygon i, a ... 5 to pass through the points 
A and B; that is, the bar 5 should be the line 5' connecting 
A and B. Transferring therefore the direction o£ 5' to 
Fig. 2 and drawing it through the point m, it will be evident 




that any point on this line will furnish a funicular polygcai 
for the loads Pi . . . Pz which will pass through A and B. 
In precisely the same way, then, the line 11' may be drawn 
in Fig. 2 for the forces P* . . . Pj, n' being parallel to the 
line connecting the points B and C. Any point on this line 
will furnish a pole for a funicular polygon passing through 
the points B and C and constructed for the forces situated 
between them. Consequently, the intersection of the 
lines 5' and ii' will furnish the only pole which will pro- 
vide a ftmicular polygon passing through the three points 
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A, B, and C for all the forces shown. This polygon is 
not shown in the figure, but after the pole O is found its 
construction is obvious. 

The rays is and 13, being the extreme rays for the true 
polygon, represent bars in a framework holding in equilib- 
rium the given forces Pi . . . P?. They pass through the 
points A and C respectively, and, as will presently be seen, 
are the reactions for a three-hinged arch having hinges 
at A, B, and C and holding in equilibrium the forces given. 

Art. 3.— Deteiminatioii of the Re«cti<«u of a nme-hinged 
Arch. 

■ An arch provided with three hinges is a structure 
which is statically determinate and in the treatment of 
the stresses in its members involves only principles already 
established. 

Fig. 3 illustrates a three-hinged spandrel-braced arch 
provided with hinges at each abutment and at the crown, 
panel point 13. It is deared to find the stresses in the 
structure for a fixed position of the loading. 

The dead loading, carried at the upper chord panel 
points, and assumed to have a value of 41,600 pounds 
per panel per truss, will be treated. The end-panel lozids 
are each taken at 14,150 pounds only. The supporting 
reactions at the abutments for this type of truss are no 
longer vertical. Their points of application are given, 
but their directions are imknown. Since they hold in 
equilibrium the loading on the truss, the problem becomes 
that of determining the amoimts and directions of two 
forces whose points of application, 1 and 14, are given, 
and which hold in equilibrium a known set of forces. The 
problem would evidently be statically indeterminate ex- 
cept for the condition imposed by the centre hinge, which 
is that the sum of the moments of the external forces on 
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either side of the centre hinge must equal zero about that 
point. The solution of the problem, then, consists in 
passing a funicular polygon through the three hinges 
{see Art. i), the pole distance of that polygon representing 
the horizontal compcment of each reaction. This follows, 
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once a funicular polygon represents bars in a structure 
which carry direct stress only for the given system of loads, 
and if a bar of this ftmicular polygon passes through any 
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given point, such as a hinge, there will be no bending mo- 
ment at that point. Therefore a fimicidar polygon through 
the three hinges will furnish the values of the stresses in 
the supporting or end bars, which are the reactions. 

In Fig. 4, therefore, (7 is chosen arbitrarily as any pole 
for the loads on the left half of the structure. The polygon 
3, 3, 4 ... 9 in Fig. 3 is then drawn, and the last ray, viz.. 
9, transferred to the force diagram. Fig. 4. This deter- 
mines the point x in the line of the loads, from which point 
the line xO is drawn parallel to the line connecting the 
two hinges 13 and 14. Any point on this line xO will 
furnish a pole from which a funicular polygon passing 
through the points 13 and 14 may be obtained. 

Since the loading is symmetrical about the centre it 
will not be necessary to complete the graphical operations 
for the right half of the structtire, but the line «'0 may 
at once be drawn parallel to the line connecting the hinges 
I and 13, w being situated midway between x and 1^. 
The intersection of xO and j^O determines at once the true 
pole of a funicular polygon which will pass through the 
three points i, 13, and 14 of the arch. The pole distance 
is, then, Ow, and it represents a horizontal component in 
the reactions of 312,000 pounds. The reactions themselves 
are then compounded from this horizontal force and the 
vertical reactions aw and a'w; they are graphically repre- 
sented by Oa and Oa', and are each equal to 398,000 poimds. 

The horizontal component H may perhaps be more 
quickly determined by analytical methods, for by taking 
moments about the centre hinge 13 the followii^ equation 
will result: 

/fX4o -243,950X100— 14,150X100 

-4i,6oo[i6KS + 4 + 3 + 3 + i)]i 
.*. H= 31 3,000 poimds. 
This value checks that found graphically. 
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After tiie reactions have been determined, the problem 
presents no further difficulties so far as the determinati(m 
of the stresses in the members is concerned. The stresses 
in the members meeting at panel point i are first to be 
found, then those meeting at panel point 2 are next to 
be treated, and the. other panel points in the numerical 
order shown in the diagram. 

The treatment of the stresses has thus far involved a 
fixed portion of the loading, but the positions of the load- 
ing causing the greatest stresses in the various members 
may easily be determined by the aid of the influence lines. 
In the case of three-hinged roof-trusses the graphical 
methods thus far outlined are sufficient to find all the 
desired stresses, for in such cases the loading, in whatever 
manner it may be applied, is always fixed in position. 



Art. 3. — ^Momenti In Tliree-hiiiged ArchM. 

The graphic determination of the reactions of a three- 
hinged arch, as found in the previous article, is not as 
simple as the analytic determination, and hence the treat- 
ment of a three-hinged arch by the combination of algebraic 
and graphic methods is more convenient than by the 
graphic process alone. 

The application of influence lines to these structures 
is of distinct value, since by their aid the posititais of 
loadii^ catising maximum stresses in the various members 
may be at once determined. For this class of structure, 
the tise of wheel-load concentrations constitutes, however, 
unnecessary refinement and such loading will not be con- 
sidered in detail. It is sufficient to state again that if the 
influence lines for stresses have been drawn for a unit load 
P, the maximum stress caused by any series of concentra- 
tions may be easily determined by trial. The general 
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ICh. 111. 



value of the stress for a series of loads would then be 
represented by IP-n, where P represents the value of the 
load at any point and » the corresponding ordinate. 

Before considerii^ influence lines for three-hinged arches 
it will be necessary to obtain a general expression ios the 




bending moment at any section of a three-hinged arch 
for any system of loading. Let Fig. 5 represent an arch 
hinged at the points A, B, and C, and let the bending 
moment at the point X be required. 

The reactions R and i?i may be found by means of the 
funicular polygon, their values corresponding respectively 
to the rays i and 7 in the force diagram. The horizontal 
and vertical components of these reactions are represented 
by if, V, and Vi respectively. Taking moments of all 
the left-hand external forces about X, the general expression 
for Af becomes 



M-JV-x+H-y. 



. . . (i) 

where V represents the vertical components both of the 
reaction and of the given loads, x their respective lever- 
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anns, H the horizontal component of the reaction, and y 
its lever-4imi. But it is evident that the first term in the 
right-hand member represents the bending moment due 
to vertical loading at the section X lac a. simple non-con- 
tinuous beam of span AC, and its graphical representation 
is the product of the intercept YZ by the pole distance 
H or y ■}!. The second term in the right-hand member 
of eq. (i) is the product of the saine pole distance by a 
different intercept, viz., XZ—y. The bending moment at 
any section of the- arch is, therefore, graphically repre- 
sented by H(y — y), or the product of the pole distance, 
H, by the vertical intercept between the point taken 
on the arch and the true funicular polygon. It is then 
seen that the line of the arch for the figure shown is sub- 
jected at its various points to positive moments for the 
right-hand section, BC, and negative moments for the 
left section, AB. At the centre hinge B, the moment 
reduces to zero, as it should. 

It will be found that this graphical representation of 
the moments to which an arch may be subjected is of 
value in determining the stresses in arches differently 
conditioned, such as arches with fixed ends or arches 
with two hinges. 



Art 4. — Influence Lines for Reactions in lliree-liittged Arches. 

Let it be required to determine the variation of the 
horizontal and vertical components of the reactions at A 
and C as any load P passes over the three-hinged arch 
shown in Fig. 7. 

The horizontal projection of the two parts of the arch 
are represented by l\ and ^2, while the total span is /. The 
rise of the centre hinge above the horizontal line A and C 
y&h. 
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Takmg B as the origin of coordinates, and measuring x, 
which is the distance in either direction of any load P, 




J|-K^=™— • 



from B, the horizontal component H of the reaction at 
A, for the load between A and B, is 



V f represents the vertical component of the reaction at C. 
But 

,, P{l,-x) 



„ Pih-x)l, 



(») 



This expression may be represented graphically by a 
straight line, for the variable x appears in the first power 
only. 

Erecting, then, in Fig. 8, on the base line ST a vertical 
TX below the hinge C equal to ^ and connecting X with 
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5, it will be found that the portion of XS, viz., WS, 
included between vertical lines through A and B, will 
represent the influence line for H when the load hes be- 
tween A and B. For by similar triangles the ordinate 

directly below the load is equal to ' . ' . Hence the 

line WS is the influence line for a iinit load. 

In the same manner the line WT may be drawn to 
complete the diagram, the ordinate SY being erected 

below A equal to ^ and the line YT then being drawn. 

The final influaice line for i7 is therefore SWT, and 
it obtains its maximiim value for a load at the centre 
binge, i.e., 

^~~ l.h ■ 

The influence lines for the vertical components V, and 
V, differ in no way from those found for simple beams, 
in consequence of the statical conditions of the structure. 

In Fig. 9, theitfore, the line T'U' represents the in- 
fluence line for Va, and a similar line sloping in the opposite 
direction would be used for V,. 

It has been shown in Figs. 8 and g that each of the 
rectangular components of each reaction varies as the onli- 
nates of a straight line ; consequently their resultant, or the 
reaction itself, must vary in precisely the same manner. 
Hence, as the load P passes over the bridge, the variation 
in the value of the reaction R may also be represented 
by a straight hne. The slope of such a line is a question 
of no importance'; it suffices to know the law of vari- 
ation. 
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Art. 5.— Influence Line for Stress in any Chord Member of 
a Three-hinged Arch. 

Let Pig. 10 represent a three-hinged spsmdrel-braced 
arch with a horizontal upper chord and with vertical and 
inclined web members. The treatment of the problem, 
although applied to this particular truss, will be given 
in the most general manner so as to apply to any other 
form of three-hinged arch. 





u. < u 
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Let it be desired to find the influence line for stress in 
the chord member V^%. Passing a section through the 
members UaUi, UaLs, and L2L3, and taking the centre of 
moments at Lg, the stress in t/jt/s will evidently vary at 
precisely the same rate as the moment of the external 
forces taken about the point Lg. The influence line for 
stress in UyUz may, therefore, be represented by the moment 
influence line for the point Lg. It has already been shown 
(Art. 3) that the moment at any point in a three-hinged 
arch is represented by the product of the pole distance 
by the vertical intercept between the centre o( moments 
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on the arch and the true funicular polygon. For the truss 
shown, such a variable moment M for a single, unit load 
passing along the structure is represented by 

M-M^-H-y (i) 

where M, is the variable moment for the load passing over 
a simple beam with a span length LgLo, and where the 
product H-y h the moment due to the horizontal compo- 
nent of the reaction, y evidently being constant. On the 
base line ST (Fig. ii) the influence line for Af, may then 
be drawn in the usual manner, by erecting at S an ordinate 
SS', equal to the distance I' between the centre of moments 
Lz and the left-hand abutment Z-o- and connecting S' with 
T. Performing a similar operation for the right point of 
support, the influence line M, is represented by SGT. 
From this line there is to be subtracted at every point 
the moment H-y, which may be foxmd in the following 
manner: 

If the line of action of the reaction at La passes through 
La, the centre of moments, and if the load causing this 
reaction should be placed to the right of the section passing 
through the members cut, the resultant moment about Lg 
■mil be equal to zero ; for the only force to the left of the 
section will be the reaction and its lever-arm about the 
centre of moments is zero. Such a position of the load 
causii^ no stress is foimd at the point Y, which is the 
intersection of lines drawn through Lq and Lj, and /.« 
and Lg; for the polygon LoVL© is the funicular polygon 
for this one position of the load, since it passes throi^h the 
three hinges. This position of the load, causing no stress 
in some particular member, will in future always be repre- 
sented by y. Projecting this point vertically downward 
until it intersects GT at J will flx that point on the final 
influence line, at which the stress is zero. 
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It has been shown in the previous article that the hori- 
zontal componait of the reaction H varies as the ordinates 
of a triangle, the apex of the triangle being directly below 
the centre hinge. In eq. (i), under ctmsideration, the prod- 
uct of H and y is required, but since y is constant the 
product will vary in the same manner as H\ that is, as 
straight lines between the end and centre hinges. Three 
points of the variable H-y are known, viz., S, T, and J. 
The lines SJK and KT may then at once be drawn to 
represent the variation ot H-y, and any ordinate in the 
areas SGJ and JKT will represent the moment for the 
member t/aCa for the load placed over such ordinate; 
for, according to eq. (i), that (Ordinate expresses the re- 
lation M^ — H-y. The shaded portion to the right of the 
point y will represent negative moments, and the other 
shaded porti<m positive moments. For maximtmi stress of 
one kind the structure must then be covered with load 
from the point Lo to V, and for maximum stress of the 
opposite kind from Lq to Y. The magnitude of the stress 
may at once be determined if the scale of the influence line 
is known; and this scale may be found if the stress in 
the member t/jt/g be known for the load at any position, 
such as at Ut. 

If, therefore, an ordinary force diagram be drawn for 
the entire structure for a single load P at any point, such 
as I7a, the stress in every member of the structure will 
be determined for this position of the load, and consequently 
also the scale of every influence line. In the present 
instance, for the member UaUs, the force diagram would 
furnish the true value of GG', and consequently the scale 
for any other ordinate in the area SGJ or JKT. It is 
then only necessary to midtiply the area of the triangles 
SGJ and JKT by the proper intensity of loading to obtain 
the final maximum stresses for UaUf. This method of 
determinit^ the scale of any influence line by means of a 
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force digram drawn for a single load placed at any one 
fixed position will be applied to the case of web members, 
and it will not be necessary to repeat this explanation for 
those members. 

The treatment of the stress in a chord member, such as 
Us Ut, Fig. 12, for which the centre of moments, Lg, is not 
vertically below a panel point, follows precisely the same 
methods; but since the influence line between the panel 




points t/j and Ut is a straight line, it becomes necessary 
to remove the angle BCD of the influence line ACE, "pre- 
cisely as in the case of the simple truss of Art, 1 1, Chap. II. 
The influence line ACE is, therefore, drawn considerii^ a 
point vertically above Li as the centre of moments; the 
intersections of verticals drawn from the ends Ut and fo 
of the panel to AC and CE determine the paints B and D. 
Between B and D the influence Une must be a straight 
line, and the final line is therefore ABDE. 
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Art 6.— Inflaence Line for Stress in any Web Kember of a 
Three-hinged Arch. 

Let it be desired to find the influence line for stress in 
the member UiL^, Fig. 13, as a single load P passes aloi^ 
the structure. It may easily be shown that as long as 
the load P is to the left of the panel cut by the section 
passed throi^h the members C/il/a, U\Li, and L1L2, the 




Fig. 14. 



variation in the stress may be represented by a straight line. 
For the only external force to the right of the section is 
the right-hMid reaction, which varies as a straight line for 
a single load, and as the moment of the reacti<m is taken 
about X, the intersection of t/iC/3 and LiL^, the variation 
in the stress of t/iLj for a load to the left of the section 
may also be represented by a straight line. Similarly, 
for the load on the right half of the arch between t/a and 
Vq, the stress varies directly as the left-hand reaction, and 
may be represented by straight lines intersecting in the 
vertical dropped from the hinge. This variation is similar 
to that of the left-hand reaction. 

As the load passes over the panel U1U2, through which 
the section has been taken, the variation of the stress may 
be represented by a straight line, according to the treat- 
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ment of Art. 10, Chap. II. Pour straight lines are, there- 
fore, required in determining the influence line for stress 
in web members. 

The stresa in U1L2 is zero for a load placed at the point 
Y, this point being determined in precisely the same 
manner as in the case for chord members, i.e., it is the 
intersection of a line comiecting the points L^ and Ls 
with the line connecting Lq with X, the centre of moments. 
This point V is projected vertically downward on the base 
line 57" to G, and furnishes one point of the influence line. 

It has been shown (Art. 16, Chap. II), in the case 
of the influence line for web members for simple non- 
continuous trusses, that the variation of the slopes of the 
positive and negative portions of those lines may be found 
by drawing lines from any point projected vertically below 
the centre of moments X to the ends of the span. This 
rule apphes also to that half, UoUi, of the structiore 
shown, of which the web member in question is a part, as 
the following analysis will show. 

The origin of coordinates from which x, the position of 
the load P at any instant, is measured is at X, the centre 
of moments, and this point divides the span / into the 
two portions li — UoX and U-^XUi. The vertical dis- 
tance of X, the centre of moments, above the line connecting 
L^ with L^isy and the corresponding distance of the centre 
hinge above this line is h. The vertical components of 
the left- and right-hand reactions at Lq and Li are Vi and 
V2, and their horizontal component is H. 

Then for a load of unity between Uo and Ui, the 
moment of the stress Si for U1L2 becomes, by taking 
momaits about X of the external forces to the rig^t of 
the section, 

Si-g-V^2-Hy. 

g hang the lever-arm of U\L2 about X. 
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lUerrfore s..j-2l^--24;^. (I) 

Similarly, for a load unity between C/a and t^e. the 
moment of the stress 53 becomes 

S,g-Vih-Hr, 
but r '■ K,-^ and ff-^'. 

Therefore s^-gJ-^-^^ W 

Both equations (i) and (3) represent straight lines, since 
the variable x is of the first d^ree only. When x -o, 

that is, these two lines intersect in a point vertically below 
the origin of coordinates X. 

In Fig. 14, therefore, A is any point below X, and the 
two lines AS and AB are drawn to represent portions of 
the influence line, for a load at 5 causes no stress in C/iLi, 
nor, as just explained, does a load at G. Again, the lines 
passing through 5 and G must intersect cm the vertical 
below X. 

The remainder of the influence line may then be drawn 
from the concluaons reached in tiie begiiming of this 
■ article. The line BA must be continued as a straight line 
to C vertically under the centre hinge, for the variaticm of 
stress in U1L2 is a straight line for the portion of the span 
UiUf-, SD is the influence line for a load between (/o 
and Ui ; DB that for a load between Ut and U%, and CT 
that for the portion of the span UsC/q. The shaded areas 
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above the base line 57" indicate stress of one kind and 
show not only what portion of the span must be covered 
■with uniform load, but also the magnitude of the stress 
caused by that loading, for its value may be found by 
multiplyii^ the positive shaded area by the intensity of 
the loading. As before the scale of the influence line may 
■be found by drawing a stress diagram for the entire arch 
for one load at any point and comparing the value of the 
stress for this load with the ordinate below it on the in- 
fluence line. 

The shaded area below the base line indicates the 
portion of the structure to be covered by the load to cause 
negative stress, and its value may be calctJated as just 
indicated. 

Figs. IS and i6 illustrate the influence line for stress 




in the web member UaLt of the same three-hinged arch, but 
fctt" this member the centre of moments X fells on the 
opposite side of the centre hinge, as does the point V, the 
poation of the load causing no stress. This influence line 
requires a slight additional explanation. As before, the 
influence lines for the portions U0U3 and U4UB of the 
truss must intersect at A, and they must pass through 
S and G respectively, G being the projection of F on ST". 
They are shown in Fig. 15 as SD and BG, but since the 
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influence line for the portion U^Uo is a continuous str^ght 
line, the point C where BC cuts the vertical through the 
centre hinge must be connected to 7". The final influence 
line is, therefore, SDBCT, and it is at once evident what 
portions of the structiire must be covered by the load to 
cause the maximum stresses of opposite kinds. 

If the web members are alternately indined, as in the 
form of webbing adopted in the Warren truss, the influence 
line suffers for that panel ler^h of which the web member 
is a part, the modification explained in Art. ii, Chap. II; 
this change is also precisely the same applied to the chord 
members in Art. 5 of this chapter. 
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CHAPTER IV. 

CANTILEVERS. 
Art. I. — ^Definitions. 

A BEAM continuous over n points of support (Fig. i) 
of which «— I points are rolling supports, permitting 
longitudinal motion, requires the determination of n reac- 
tions. For the case of vertical loads only and under the 
condition that the rolling points of support move without 
friction on horizontal surfaces, two equations of condition 
only can be applied, namely, IV —o and 2M =o, since the 
third equation of condition, SH—o, disappears. There 
are required, therefore, for finding all the reactions « — a 
other equations of condition, if the problem is to be stat- 
ically determinate. Such eqtiations are afforded by the 
insertion of n — a hinges, in the structure between the 
extreme points of support. Every hinge corresponds to 
an equation expressing the condition that the sum of the 
moments of the external forces on one side of it and about 
that point must be equal to zero. It should be observed, 
however, that without disturbing equilibrium two hinges 
only may be inserted between two adjacent points of 
support. A continuous beam may, therefore, be made 
statically determinate by the insertion of « — a hinges. 
Such stnictiu-es are termed cantilevers. 

Fig. I illustrates a cantilever having four points of 
support and two hinges, at A and B. The span AB repre- 
sents then a beam simply supported at its ends. The 
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spans CD and EF are termed anchor-arms and the por- 
tions DA and BE canlilever-anns. Other tji)es of canti- 
levers may be constructed in which the hinges A and B 
occur in the spans CD and EF respectively. Such farms 
win not be analyzed separately, but the analysis deduced 
from Pig. I will be of such goieral character that it may 
be easily applied to any other form. 



Art. 3. — Betiding Homents in CantUerers. 

The fimicular polygon is applied to a cantilever for 
the purpose of determining the moments at the various 
sections.of the structure. Let the loads Pi, Pa, Pt . . . Pn 
(Pig. i) act on the various spans, as shown. Fig. 3 shows 
these loads laid down in regular order, with the poles 
(y, O", O"', chosen arbitrarily, but all with the same 
pole distance. One pole might have been chosen, but it 
will prove more convenient to choose separate poles for 
the loads on the different span lengths CD, DE, and EF. 
The funicular polygon (Fig. a) is then constructed in the 
usual manner with the rays i, 3 ... 14, but no closing 
lines can as yet be determined. The positions of the closing 
lines may be found immediately, however, since directly 
below the points A and B there are points of zero braiding. 
The bar 16 is, therefore, drawn in Fig. a so as to show 
zero moments below A^ ind B. At the points where bar 16 
intersects the lines of the reactions Ra and Rt, bars 15 
and 17 may then be drawn to the reactions Ri and Rt 
respectively, showing zero moments below points C and F. 
The shaded portions- of the funicular polygon (Fig. 2) 
represent, then, in the usual manner the bending moments 
at the various sections of the structure for the fixed position 
of the loading shown. 

The nu^itudes of the reactions Ri, Ra, R^, and R^ 
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may also be found from Pig. 3, it being only necessary 
to insert tiie three closing rays 15, 16, and 17 tbnnigh 



the poles (7, O", and C/" respectively. The brackets 
enclosii^ portions of the load line furnish the desired 
quantities. 

Art. 3. — Reaction Infliwiica Linei for CantUerers. 

F%. 4 illustrates a general type of cantilever structure 
in which the hinges are at A and B, and for which it is 
desired to represent the variations of the reactions Ri, Ra, 
Rt, and Rt for any load P passing over the structure. 
Let the influence line for i?a be first determined. If the 
load P be placed at J?a the reaction at that point must be 
equal to P and an ordinate may be erected (Fig. 5) below 
that point on the base line ST, equal to P. It is evident 
that for a load between i?i and i?s the reaction R^ varies 
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directly as the distance from Ri; that is, it is equal to 
Py and is graphically represented by the line SU. For 
any load between Rs and the hii^e at A, the variation of 
Ri will be indicated by a continuation of the line SU to 
the point V vertically below A, since i?j still remains 

equal to Pj. 

A load P placed at the point B fails to affect the reaction 
Ri, being carried entirely to Rz and Rt. Between B and 



J|[|||||lB?*.MffilllllllllIliniTF>r,^^/- I I2 



A, Ri varies directly as the ordinates of a straight line, 
for precisely the same reason that all influence lines are 
straight lines between panel points ; since the points W and 
V of this line have been determined, this portion of the 
influence line is represented by VW. The ordinates be- 
tween 57" and SUVW therefore represent the variations 
of Ri as any load passes over the structure. It is evident 
that no load between the points B and R* influence the 
reaction Ri. 
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In an exactly similar manner the influence line for Rt 
may be represented by the line TXYZ, the slope of the 
line TXY being fotmd by erectii^ at Rt an ordinate of 
height P. 

The influence line for the reaction at Ri is represented 
in Fig. 6. For a load at Rt the reaction is P and is repre- 
sented by tiie ordinate S'U' erected at that point. As 
the load P passes from Ri to Rt, Ri varies as the ordinates 
of a straight line, the value of Ri being zero when P is at 
i?a. This rate of variation remains constant as fcir as the 
point A, it being noted, however, that after passing R^ 
the reaction Ri becomes negative. This is indicated by the 
diagram, where the ordinates between the base line S'T' 
and the line V'W are drawn below the base line. The 
variation in the reaction Ri for loads on AB is represented 
graphically by the line WX', and is found in precisely the 
same manner as for R2 and Ra. 

As a ge ne ral conclusion, it is clear that for the greatest 
upward value of ^i, the distance S'V must be covered 
with load, and for the greatest downward reaction or uplift 
the distance V'X' must be covered. Loads on other poE- 
tions of the structure do not affect the reaction at Ri. 
The influence line for R^ is also represented in Fig. 6, 
but requires no detailed explanation. 

Inspection of Figs, g and 6 will show that the slopes of 
the pairs of lines SUV and U'V'W. and YXT and Y'Z\ 
are respectively the same. This must evidently be the 
case, for at any point in the spans represented by these 
lines the a%ebraic sum of the pairs of reactions, viz., of 
Ri and Ra, and of R^ and R*, must always equal P. It is 
to be noted that the distance AB, or the suspended span, 
is not included in these lengths. 
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Art 4. — Shear Infloence Lines for CantUererg, 

The shear influence lines may at once be drawn by 
means of the reaction influence lines. Let the shear in 
the section MN situated between Ri and i?a (Fig. 7) be 
reqxiired, that figure representing a part of a cantilever 
structure resting on the supports Ri, R3, i?j . . . The 
base line ST (Fig. 8) and the reaction influence line for i?i. 




UVWX, are first drawn. For any load between the hinge 
B and the section MN the shear for MN is always equal 
to the reaction Ri, but between MN and Ri the reaction 
must be diminished by the amotmt of the load P, as shown 
in the diagram. The resulting shear influence line for 
the section MN is then the line XWVYZS. It is clear 
then that for the greatest positive shear at MN the span 
RiRi must be covered by the load extendii^ from Ri 
to the section, while the cantilever-arm RtA and the 
susi)ended span AB are also covered. There should be 
no load between the section MN and R3. For the greatest 
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n^ative shear, however, the load should be placed only 
between MN and Ra. 

la a precisely sunilar way the shear influence line for 
the section M'N\ at any point in the cantilever-ann R2A, 
may be drawn. The reaction influence lines for Ri and Ra 
are drawn and the vertical intercept between them at any 
p<Mnt represents the value of the shear at M'N' for the load 
P immediately above the intercept. The sliaded portion of 
the diagram represents the sum of all the positive shears. 
It is evident from this diagram that positive shear only can 
exist at M'N' and for the maximum value the suspended 
span and also that portion of the cantilever span included 
between the section M'N' in question and the hinge A 
should be covered with the load. The load on other portions 
of the structtire does not affect in any way the shear in the 
cantilever-arm. 

These two cases suflice to illustrate the variations of 
shear in any cantilever structure. If the latter have 
parallel and horizontal chords, the maximum web stresses 
may at once be obtained by multiplying the maximum 
shears by the secants of the inclinations of the web members 
from a vertical. The treatment of influence areas is 
at once applicable to cantilevers, for the span lengths 
beii^ usually large, a uniform loading may replace the 
locomotive concentrations without essential error. Loco- 
motive concentrations require the use of a criterion for the 
exact determinaticms of stresses. 

The division of the structure into panel lengths has 
not been treated in detail for shears, nor will it be for 
moments, for it is now well established that the effect of a 
panel on a general influence line is simply to remove all 
angles from it below the panel. 
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Art. 5. — ^HomeDt Infliieiic« Lines for Cantilenn. 

Fig. 10 represents partially a, cantilever structure in 
which it is desired to obtain the influence line for moments 
at the section MN in the anchor-arm R1R2. For loads 
between Ri and R2 it is evident that the moment influence 
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line for MAT is exactly the same as that for a simple non- 
continuous structure. It is only necessary to construct 
ordinates equal to x and «* on the base line 57" (Fig. 11) 
at the points 5 and V below the reactions Ri and Ra respec- 
tively, and connect the ends of these lines to V and S. 
The influence line for that portion of the span is then the 
Une SUV. 

The moment at the section MN for any load on th« 
cantilever-arm R2A is represented by Rix. It is seen 
that this quantity varies at the same rate as ^1, since 
« is a constant in this expression; RiX may therefore be 
represented by a continuation of the line UV to W. 
Since Ri is negative for this portion of the span, the 
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moments are also' negative, as represented by the influ- 
ence line. As the load at B catises no bending at MN 
the variation of the moment for a load passing altmg 
AB is represented by the line WX. The final influence 
line is therefore SUVWX, the portion SUV representing 
positive moments and the portion VWX negative moments. 
Positive moments may be regarded as moments causing 
compression in the upper chord members and tension in 
the lower chord. 

The influence line for moments at any section M'N' 
in the cantilever-arm is represented by Fig. 13. For a 
load between M'N' and A the moment varies directly 
as its distance from M'N', and it is only necessary to erect 
below A an ordinate X' V equal to d or the distance between 
M'N' and A, and to draw the line V'V; this line then 
represents the. variation in the moment at M'N', for the 
distance shown. For loads on the suspended span AB the 
variation in the moment is then represented by V'W, and 
the completed influence line is U'V'W. 

It is thus shown that all moments in the cantilever-arm 
are negative or such as to cause stresses of tension in the 
upper chord members, and that for their maximum values 
the entire suspended span and that portion of the cantilever- 
arm between M'N' and A must be covered with load. 
Loads on other portions of the structure in no way affect 
the moment at M'N'. 

Stress influence lines for the chord members of canti- 
levers are not required, since the moment influence lines 
also suffice to fimiish the stresses in those members l^ 
dividing by the proper lever-arms. It is only necessary 
to' measure the various shaded areas shown in the figures 
and to multiply them by the proper intensity of the tmiform 
load and then to divide by the lever-arm. To determitift 
^f. ifC^es of the various figin'es. it is sufficient tj^ plaro a 
unit load at any convenient point and obtain the desired 
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moment, fey t^tat position. This determines the value or 
the scale of the ordinate at that point, and therefore the 
scale of the entire figure. 



Alt 6. — Strew Influence Unes for Hemben of CantOeren. 

Fig. 13 illustrates a portion of a cantilever structure 
in which the span UaUi is the anchor-arm, (/((/» the 
cantilever-arm, and UtUtt the suspended span. Other 
portions of the structure to the right of U\t do not affect 
the stresses in any of the members shown in Fig. 13. 

Fig. 14 illustrates the influence line for stress in the 
member C/0Z.7 of the cantilever-arm. Passing a section 
through i/flt/7, UtLj, and LoZ-?. the centre of moments 
falls at a, projected vertically to the base line MJV at C. 
As a load passes from t/j to Ut the stress in UtL-j varies 
directly as the distance of that wheel load from a or C, 
for the stress in UtL-i equals the moment about that point 
divided by the lever-arm ab, and it may be represented 
graphically by BD, a portion of the line BC. A load at 
either' U^ or Uit caiises no stress in UitLj. The final line, 
tharefore, is ABDN. 

Fig. 15 shows the influence line for web m«nber U^Lt 
of the anchor-arm; for a load on the span UoUt the stress 
may be represented by the influence line FGHIJ, precisely 
as for a non-continuous simple span. The line // is then 
continued to K, the vertical projection of I/g, and then 
connected to N. The final line is the line boimding the 
shaded area shown in the figure. 

Figs. 16 and 17 show the influence lines for the members 
UiUt and UaUz respectively. They require no detailed 
explanation, for they represent the variation of the bending 
moments at the points Lb and L\ respectively. 
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Pig. 18 represents a complete cantilever structure, for 
which VoUt and UitUu are the suspended spans, UtUt 
and Ui«Ui6 the cantilever-anns, and U^Uit the anchor- 
span. 

Pig. 19 exhibits the influence line for stress in C/11L12; 
the portion BCDE is found by treating the load on the 
anchor-span as if the latter were a simple non-continuous 
structure. The centre of moments &lls at b and is projected 
vertically downward to F, from which point the lines BC 
and DE are drawn through points directly below the ends of 
the span C/eI7i«. BC is then continued to A and DE to G, 
the ends of the cantilever-arm. These points are connected 
to M and N. The final line is, therefore, MABCDEFGN, 
and shows the position of loading for both maximum and 
minimum stress, and also the stress area. 

Fig. 20 is drawn in an exactly similar way for the 
member UmLn, but in this case the centre of moments 
falls at a, within the anchor-span, and the influence line 
suffers the changes shown. 

Fig. 31 is the influence line for stress in the chord 
member I/„[7,„ the centre of moments for which is pro- 
jected down to 5. 

Cantilever on Towers. 

A constructive device used advantageously in cases 
where the cantilevers are supported on high iron or steel 
piers or towers is shown in Fig. 23. It leads to appreciable 
economy by the shortening of the clear cantilever opening 
as well as the anchor-arm. It consists in separating the 
feet of the two inclined posts LjL% and LgLio to some con- 
venient distance and omitting all bracing in the rectangle 
UgUtLsLt. No shear can then be transferred past Lt to 
the left or past Lg to the right. Since this last condition 
exists, the reaction Ri at Lg, and the positions of loading 
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for all the nuximuin web and chord stresses ia the cantilever 
structure, as found from the preceding constructions, will 
hold for this case without any chaise whatever. It is only 
necessary to observe carefxilly that the open panel f/gt/s 
is to be treated as reduced to a point or entirely n^lected. 
This is shown in Fig. 36, which is the infltience line for 




[/«Lb. The line ST is parallel to QR, and would form a 
continuation of it if the point 5 were transferred to R. 

The only chaises necessary are for the reactions R% and 
Ri, at /.g and Lg respectively, and the determination of 
the stresses in the members t/s^g and LtL^. These latt^ 
stresses are always equal to each other, but with opposite 
signs; they may be fotmd by obtaining the maximum 
moment at Lb and dividing by the height of tower, [/»L«. 
The reaction influence lines for Rt and i?a are shown in 
Figs. 33 and 34, 

In the case of Fig, 33, the ordinate below U^ is equal 
to the load itself, or P, and diminishes as a straight line BA 
to Uf R» remains equal to P for the load between C/« 
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and the end of the cantilever at Uit, but diminishes as 
shown by CN from that point to U20, being always equal 
to the reaction of the simple sxispended span at Un. 

Fig. 34 exhibits the variation of the reaction at Rt, 
It is equal to P when the latter is at Lg, but it equals zero 
for the load at Vo, Ug, and t/ao. The slope of the line FG 
is a continuation of the slope of ME, i.e., FG is parallel 
to ME. The final influence area is that shown shaded. It 
is seen that no uplift ever occurs at R3. 

The variation of Ri as the load P passes over the struc- 
ture is shown by F^. 25, and it differs in no way from 
that found without the open panel UsUt. The line HI 
is parallel to JK. 

As a check on the construction of these three figures, 
it is only necessary to note that at any one point the algebraic 
sum of the ordinates for Ri, Ra, and i?i must equal P, 
the load. The di^^rams fulfil this condition, except for the 
suspended span, to which this criterion does not apply. 

Art. 7. Suspended Cantilevers. 

The structure shown in Fig. 37 is a true cantilever, 
althoi^h it possesses some of the lines of a suspension 
bridge, and the term suspended cantilever may be applied 




Flo. aj. 

to it. Some general deductions as to its statical condition, 
and the application of the method of influence lines to 
determine tiie maximum stresses, will be found in the 
following article: 
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Staiical Condition of the Structure. 

F^. 37 shows a coplanar frame work resting on the four 
points of support A, B, C, and D, and any one of them may 
be considered fixed while all the others are supported on 
nests of rollers moving on horizontal beds. These conditions 
of support eliminate temperatiire stresses. The structure 
is then virtually a stiffened suspension bridge with vertical 
anchorages, the cable being AKEFGHLD, while the road 
bed lies aloi^ the lower chord ABCD. 

If the structure be inverted and supported at the points 
AKLD of which only one is, as before, fixed, the framework 
becomes a continuous bridge of three spans, not subjected 
to temperature stresses ; it may be considered a stiffened 
arch with vertical reactions. If the structure is supported 
at K and L as fixed points it becomes a two-hinged £u^h 
subjected to temperature stresses. 

In all these cases, even where the reactions are vertical, 
there are four such reactions to be found ; therefore, Fig. a? 
is a statically indeterminate framework; that is, the three 
equations of condition of coplanar statics are insuflBcient for 
the determination of the stresses in the members. There 
are required, in addition, other equations of condition, 
dependii^ either on the elasticity of the material or the 
work performed in the structure by the displacement of its 
members. 

The structure, shown in Fig. 37 may, however, be made 
statically determinate by the removal of the members 
EF and GH, as shown in Fig. 38, and by assumii^ the two 
panel points M and iV to be f rictionless pins. The structure 
is then a suspension cantilever in which the spans AB and 
CD are the anchor arms, the spans BM and NC the canti- 
lever arms and MN is the suspended span. No difiiculty 
will be experienced in determining for tliis class of structure 
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the stresses due to dead load. The method o£ influence 
lines is, however, particularly applicable for detennining the 
positions of the inoving load causing the mayitnum stresses, 
as well as for determining the maximum stresses them- 
selves. 

Pig. 39 represents a suspension cantilever, the span 
Ij-LoLg being the anchor arm, the span l^ — LtLt being the 
cantilever arm and the span l^^L^n being the suspended 
span. The entire structure is taken to be symmetrical 
about the center of the panel LuLij. The distances 
measured between the lower panel points L and the upper 
panel points V are designated by k with a proper subscript; 
for instance, V^Lt is /tg and 1/sZ.s is /t«. 

It will be assumed that the points Lg and Lgg are 
anchored and capable of carrying negative or downward 
reactions ; the points L« and Ln are supported on nests di 
rollers moving on horizontal beds. For the static deter- 
mination of the stresses and for the elimination of tem- . 
peratiu^ stresses it also becomes necessary that one of the 
points of support of the suspended span be so carried that 
it may move horizontally over the end of the supporting 
cantilever arm; the point L^ of the suspended span may, 
for instance, be placed in a slotted hole. 



Art. 8.— Fixed Load Stnsset. 

Fig. 30 shows a portion of the structure of Pig. 29 for 
which it is desired to obtain the stresses due to fixed load. 
For ease of illustration, the dead loads WtY/^Wt ■ . . W» are 
all assumed to be supported at the lower panel points only. 
Their actual distribution between upper and lower chords 
would add, however, no difficulty to the work. 

The reaction i?o at Z-o may be obtained at once by taking 
the moments of all external forces about ie and placing 
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them equal to zero. It is to be observed that the weight 
W9 includes one half the weight of the suspended span. 
The equation involving the reaction R^ as the unknown 
quantity will then have the form 

where x represents the distance of any panel weight from 
L« and is to be taken plus or minus as it is measured to the 
right or left of L^. 

The usual force polygon may then be constructed, 
taking at first the unknown forces LqUi and LnLi acting 
at panel point Lo and balancing the reaction Rq. In order 
to simplify the terminology, the members will for the 




Fio. 301 

present also be designated by the numbers placed upon 
them. Having found, therefore, the stresses in the members 
I and 2, the stresses in the members 3 to 10 inclusive, taken 
in numerical order, may then be determined. At panel 
point Ui there are, however, three unknown concturent 
forces, and one of them must be known before the others 
can be found by means of the force polygon. 

If a section ST be passed throtigh the members 11, 13 
and 13, the stress in the member 11 maybe found by taking 
moments of all the external forces situated to the right of 
the section (namely, W^, TVs and Wa) about Lg as the center 
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of moments. The stress in member ii, multiplied by its 
lever arm about L^ is then equal to the sum of the moments 
of these external , forces. The stress in member 1 1 havii^ 
thus been obtained, the stresses in members 14 and 15 may 
at once be determined, (or they are the only, two unknown 
forces acting at Uf Panel point U^ may then be treated 
in turn, and the stresses in the members 16 and 17 found. 
In precisely the same way there may then also be deter- 
mined the stresses in the members 18 and 19. 

One of the three tmknown stresses at panel point I/3 has 
thus been found, and the determination of the stresses in 
members ao and 31, or in any other members of the 
structure, presents no further difficulty. 

Art 9. live Load Stresses. 

In treating the live load stresses in the various spans of 
Fig. 39 it is first to be noted that the stresses in Uie sus- 
pended span h are precisely the same as if that structure 
were a simple non-continuous span ; it requires, therefore, 
no further consideration. 

The anchor span h is also a simple non-continuous span 
for any loads placed on that span only, the members U^Vt, 
UiUi, U/^i, etc., not acting. Loads on the spans la and 
I3, however, cause stresses in the members of this span and 
these stresses must be investigated. Since they are caiised 
by the stresses in the members UaUt, UtUg, and UsUt, and 
the suspender rods UiPt and U^i, these stresses must first 
be found. The horizontal components of all the upper 
chord members, such as UtUs, must necessarily be equal, 
since the only other members which are attached to them 
are vertical and carry no horizontal components. An in- 
fluence line for the variation of this horizontal component 
as a load passes between the points L9 and L,7 will there- 
fore be required. 
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Let there be placed a load P at X«, the end of the can- 
tilever arm I2, and let a section be passed through the 
members t/s!/?, L^j and L^. The horizontal component 
of the stress in UtX^j may then be found by taking its 
moment and those of the external forces about Za- The 
vertical component of UtUj, disappears in the moment 
equation since its lever arm about the center of moments is 
zero. If H represents the horizontal component, the follow- 
ing equation will result: 

H-ht-P-h, (i) 

or 

-"^' (») 

Equation 2 shows that the value of H varies directly as 
the distance of the load P from Lg ; this variation may 
therefore be indicated by a straight line for the span I3. 
The influence line for H may therefore be drawn as follows 
(Fig. 31): 

At the point D, situated on the base line AC directly 
below i, the ordinate BD is erected with a value H = P ■ h/h^, 
and the point B is then connected to A by a straight line. 

Any bad on the span la is divided by the principle of 
the lever into two component parts, acting at L« and Lu; 
that part at Lu causes no stress whatever in that portion 
of the structure to the left of L^. That part of the load 
carried to L^ varies directly as the distance of that load 
from L9 and its effect on the influence line H may be repre- 
sented by a straight line between Lg and Lu, with a zero 
value at Lu. In Fig. 31 the influence line is therefore com- 
pleted by connecting the point B to the point C. It is to 
be noted that this distribution of the load on the span l^ 
causes every influence line between Lg and Lu to be a 
straight line. Hereafter, therefore, if the value of the 
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ordinate below Zg is known, its end may at once be con- 
nected to a point on the base line directly below Lit. 

It is seen that every load on the spans Ig and Iz increases 
the value of H ; the maximum value of H is therefore found 
by covering the spans I3 and 1% completely ; if the load be 
taken as a uniform load (which it is proper to do for long 
spans) the area of the triangle ABC multiplied by the 
intensity of the uniform load will furnish the maximum 
value of H. 

Let the following data apply to this bridge: 

I/iLi = 3ofeet-fei, 

1/8^3 = 38 " -ha, 

1/3^8=40 " '•UfLii = Uu)Lio—UiiLii^hf^hf, etc., 

UtLA^45 " -UsLs-ht-hs, 

CiL* =38 " —CsLe, 

UiLi=-$$ " —UjLT^kfhr, 

Ci^Lb^So " ^CjLj, 

U»U^7S " -h- 

All panel lengths are taken equal at 30 feet each; the 
span /i is therefore 180 feet, the span I2 90 feet, and the 
span li 1 50 feet. 

The value of H for a load of imity at ig is therefore 

— -1.3 and the ordinate BD is drawn with that height. 



if the intensity of the loading be talcen at 2000 pounds per 
linear foot of truss, the maximum value of H becomes 
a88,ooo pounds. The maximum stresses in the vertical 
suspender rods and upper chord members UtUt, UJJt, etc., 
will then be found by means of the simple force diagram 
shown in Fig. 32. For clearness of illustration the r^t 
hand tower UiiL„ instead of the left-hand tower is treated. 
The horizontal force H is first laid down to proper scale 
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and from one end of it are drawn lines parallel to UnUia 
and UuUn until these lines intersect the vertical gh erected 
at the left end of H. These lines, when measured to scale, 
furnish the maximum stresses in those members. The stress 
in the tower column UnLn, is found in the same force tri- 
angle ; its value is the distance gh or the vertical intercepted 
by the lines just drawn. 

The maximtmi stresses in the suspender rods and upper 
chord members are found in the same figure by drawing 
lines respectively parallel to f/ist/w, U^Um^ UnUis, etc. 
The stresses found for these members are clearly indicated 
in the figure. They are found from the simple principle of 
the force polygon as applied to the equilibriimi of concur- 
rent forces for at any point, such as Uu, there are to be 
determined only two unknown forces UitUa and t/tsCig. 

Art. 10. — ^Influence lines for the Chord MamberB trf the 

Anchor Span, L0L9. 

The influence line for the member CsL^ of the span h 
will first be drawn. It has already been shown that, for 
loads on the span l^, the members of the anchor span are to 
be treated as if that span were a simple non-continuous 
span. For that condition, then, the stress in the member 
CsL^ is found by passing a section through the members 
I/jt/a, CjLg, and L^Lt. Since the member UaUe is not 
stressed, the center of moments may be taken at Lf. 

Since the stress in CgZ^ is equal to the moment at Z-s 
divided by a lever arm, its variation may be represented by 
the variation in the bending moment at La, and Fig. 33 
represents the influence line for the moment at I.5. For the 
span 1 1 this Une is EFJ; the value of the ordinate FG is 
found by placing a unit load (1 pound) at Lj; the reaction 
at Lo is then Rq ^ ^ and its moment about Lg is ( X 1 50 -> 
as foot-pounds or FG. 
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When loads are placed on the pans I3 and la the member 
UsUi is stressed ; but in taking moments about Ls for the 
stress in the member CgL^ it will only be necessary to con- 
sider the horizontal component of the stress in UsUe, for 
the moment of its vertical component disappears, its lever 
ann being zero. 

Let there be placed a lozid P at Zg and let it be required 
to find the moment at Lj for that position of the load. The 
reaction at Xo is upward and is equal to 

R.-^ (3) 

If H represents the horizontal component of the stress in 
any upper chord member, the bending moment Mg at Lg is 
then given by the following equation : 

Mi-R^t-Xs-H-h^ (4) 

Substituting the values of Re and H from Eqs. (3) and 

(3), 

^«-K^-^') fs) 

Substituting the numerical values of these quantities, 
and assiuning F to be a unit load, 

M. -(25^ - 2^) - 9 foot-pounds. 

The ordinate KN below L» is drawn downwards with 
this value, for it causes a tensile stress in CgL«. 

It is to be noted that the value of Afj as given by Eq. {5 ) 
varies directly as la, or the distance of the load from L^ 
The influence line (Fig. 33) for the spans It and It may 
therefore be completed by drawing straight lines from JV to 
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/ and p. The shaded areas show the portions of the stnic- 
ture to be covered by loading, to cause the maximum 
stresses of opposite kinds ; it is to be remembered, however, 
that these areas are moment areas, and are to be divided 
by the lever arm of C^t in order to furnish stresses. 

The value of the maximum moment, causing compression 
in CiLt is 

1 80 X 2 S X 3000 
area EFJ X aooo = — 4,800,000 foot-pounds, 

while that causing tension is 
area /A^Px 3000 - 



The influence line lor the member U^t is shown in the 
same figiire as EF'J for the span h and as JN'P for the 
spans I2 and I3. For the latter spans, the stress is compres- 
sive just as for the span /i, as the evaluation of Eq. (5) shows. 
Moments are taken about the panel point La, and there is 
found, for a load of i pound at Z»: 

_ - 90 X 90 90 x 40 r i J 

Ma = - — 5-^ — ^— z = - 3 foot-pounds. 

ISO 75 



The ordinate G'F' is found by placing the unit load at 
Lt; the reaction i^ becomes }, and the moment iX90'=45 
foot-pounds. 

The influence line for a chord member, such as UiUa is 
found in precisely the same manner by means of the same 
equations; in Eq- (5) however the term involving H dis- 
appears, and there is to be used 



M,.p'-^ (50) 
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Art II.— Inflaence lines for tlu Chord ICtmten of the 
CantUever Arm L^^ 

The influence line for the member CtCb will be drawn ; 
it is at once evident that loads on the span h cause no 
stress in any of the members of the spans It or It, and that 
span need not be considered. 

The stress in CtCs is found by passing a section through 
V-iUi, CjCg, C7Z.8, and LjLa, and then taking moments 
about Lb- The stress in UjUg may be found, for any posi- 
tion of the load ; its horizontal conponent need only be con- 
sidered, for the moment of the vertical component dis- 
appears as its lever arm is zero. 

If a load P be placed at Xb, and if M^ represent the 
moment of the stress in C7C8 about La; 

Mg =H-ht. (6) 

But 



M..P.A-)!^ („ 



The stress in CrCg will result at once from dividing Mg by 
the nomuil distance from L^ to that member. 

For any position of the load between L^ and Lg, Eq. (7) 
shows that Mg varies directly as the first power of the 
variable distance (l—o); this variation may therefore be 
represented by the straight line SV in Fig. 34, the ordinate 
V£/ directly below Lg having the value fumishedbyEq. (7). 
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If a load be placed at I«, the moment becomes 

Me-Hh^-Pa (8) 

The vBlue of the ordinate XW of the influence line erected 
at Lo is therefore fotmd by continuing the line SV to inter- 
sect the vertical dropped from L^ and subtracting from it 
Pa. 

The influence line is then finally completed by connect- 
ing X and r by a straight line. 

Substituting the numerical quantities in Eq. (7) and 
assuming P to be i pound, there is found, 

Ma - f9o - 30)45 _ ^g foot-pounds - UV. 

The value of XY is Pa —30 foot-pounds. 

The shaded area of Fig. 34 when multiplied by the 
intensity of the uniform load, furnishes the maximum 
bending moment at Lg. When divided by the lever arm 
there will be obtained the majcimiim stress, which is com- 
pressive. 



Art. 13. — Influence Une for Web Hembera of the Anchor 
Span LoLo- 

The influence line for the member C4L4 will be drawn; 
its stress is found by passing a section through U^Us, C^C^, 
C4L4 and L1L4, and dividing the bending moment found at 
the intersection d of C^^ and Lal'4, distant h from L^, by 
the lever arm of C^L*. It will then only be necessary to 
draw the influence line for moment at that point; the 
stress in C4L4 may be foimd directly from that moment. 
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Load on Span li. 

The influence line for the load at any point of the span 
li, is found just as if that span were a simple truss; lines are 
drawn (Fig. 35) from any point K', found at any point 
directly below the center of moments, to points on the base 
line A' and E', directly below the ends of the simple span. 
The lines A'B' and D'E' are then portions of the influence 
line. In the panel LgLi, the influence line is also a stra^ht 
line, and the line is Anally completed by connecting B' and 
D' by a straight line. 

If a load P be placed at L4, the reaction at Lo becomes 
in the present case Ra — ^P; and the moment of the external 
forces situated to the left of the section passed, is 

M.-f(i.H-6)-i{;»i±la:5).8„p. 

If P be taken equal to i pound, the value of the ordinate 
D'H' (Fig. 35} is therefore 87.5 foot-pounds. This value 
determines the scale of this portion of the influence line. 

Load on Spans la and /g. 

For a load placed on the spans /■ or (3, it will be neces- 
sary to obtain the stress in the member UtU&, for that 
stress appears as an unknown quantity in the equation of 
moments about the center of moments d. 

It will be more convenient, however, to treat the hori- 
zontal and vertical components, H and V, of that stress". 

Placing a load P at Z», the moment M^ at d, then be- 
comes: 

Mj-Rcil,+b)-Hht-Vib+ti-x^, ... (9) 
but 



i?o-P^, 



H=PA and V=H tana, 
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■where a is the angle between the member U(U& and a 
horizontal. Since tan a - ' '■ ' - ^ , where />-panel length, 

Substituting these quantities in Eq. (9), 

M.-i'[-|;(i,+i)-^)..-((.+i,-«o^^^]. Co) 

Inspection of Eq. (10) shows that, for a load placed between 
La and L«, M^ varies directly as /a or the distance of the 
load from Lt ', this variation may therefore be r^>resented 
by a straight line E'F' in Fig, 35, the ordinate J'i*"' being 
given by Eq. (10). If P equals i pound, that equation 
becomes, for the example treated; 

- 20} foot-pounds. 

The stress corresponding to this moment is compressive. 
The influence line is completed by connecting the points F' 
and G' by a straight line. 

The final influence line (Fig. 35) shows that the greatest 
tension in C4L4 occurs when the distance C'E' is covered by 
the uniform load ; the greatest compression is found when 
spans I3 and l», and the portion A'C of span /i are covered. 

It is to be remembered that the shaded areas shown in 
Fig. 35 are moment areas, and must be divided by a lever 
arm to furnish stresses. 
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The influence line for £Uiy web member, such as 17 jL), 
not lying below the cable members UiU^, etc, is also found 
by the use of Eq. (9), precisely as in the case of C^L*; but 
the terms in that equation which involve H and V dis- 
appear. 



Art. 13. Influence Line for Web Members of the CantUerer 
Ann L^t. 



The influence line for the member CsLa of the canti- 
lever arm is shown in Fig. 37. The necessary parts of the 



Um Un u» 




Flo. 3?. 

structure for determining that line are shown in Fig. 36. 
Loads placed on the anchor span li cause no stresses in this 
member. 

The stress in dLa is found by passing the section ST 
shown, and dividing the moment of the proper external 
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forces taken about « as a center, by the lever, ann of CsLt. 
As in previous cases, therefore, the moment influence line 
for the moment M, of the external forces taken about e will 
be drawn, since the stress in C^b may be found directly 
from it. The horizontal and vertical components of stress 
in UjUg are denoted by H and V respectively, while m and 
xg are the distances shown in the figure. If a load P, of 
one pound, be placed at Lt, the equation of moments about 
e, treating VjU^ as the external force, will be 

M,~H-iH+V{tn+xs) (II) 

But 

^_Pg8) ^^ V-HUna, 



if a represents the angle between UiUa and the horizontal. 
Therefore, 



P xs hg Pxs(m+ Xs) 



tana. . , (is) 



£q. (13) shows that M, varies directly as Xb; since this 
term appears in the first degree, the equation may be repre- 
sented by the straight Une BA in Fig. 37, the ordinate BC 
having tiie value furnished by Eq. (12). For the structure 
under consideration, Eq. (13) becomes 



,, 60X45 . 60(83-5 + M i , * J, 

Mt = — — — =^ + — ■ ■ ■ 7 ~ 74 foot-pounds. 



The influence Une passes through A, a point on the base 
line, for a load at that point causes no stress in CtL^. 
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If a load P of 1 pound be placed at Lg, the equation for 
M, becomes 



M. 






tana-P{la+m). (13) 



Inspection of Eq. (13) shows that the first two terms of 
the right-band member represent a continuation of the hne 
expressed by Eq. (13). The third term shows that there 
must be subtracted from each ordinate of that Une between 
La and L^, the value of P multiplied by its distance from «. 

In Fig. 37 there must be subtracted from the ordinate 
EH the moment P(9o+ 82.5) -172.5 foot-pounds. 

The final influence line is therefore ABDG; the area 
FDG indicates a compressive stress, and the area ABF a 
ten^e stress. 



ion Cantilevar with Two Points of Support 
at Intermediate Pier. 

Fig. 38 shows the suspension cantilever, treated in the 
preceding articles, but in which the post UtLf has been 
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replaced by two coltmms, connected at top and bottom by 
horizontal membei-s VtV^' and Ltli!, but otherwise with no 
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bracing between them. No shear can then be transferred 
past Lt to the left or past Lo to the right. No change 
occurs, thefore, in any of the preceding constructions in 
determining Rn or any of the stresses in the structure ; it is 
necessary to observe that the open panel L^Lt,' is to be 
treated as a point, or entirely neglected. Changes occur, 
however, in determining the reactions R^ and R^,' at Lg and 
Lt' respectively; the stresses in the members UtUa' and 
LoLt must also be found. These conditions are precisely 
the same as those for the ordinary cantilever structure,* 
supported on towers. 
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CHAPTER V. 

DEFORMATION OF TRUSSES. 

Thb members of a framed structure when stressed 
suffer strains or deformations and these strains cause dis- 
placements at all points in the structure. These displace- 
ments may be found by graphic methods if the strains 
in the members are known. The deformation of any 
member may be expressed by the following equation: 



AE"^ 



(i) 



in which M is the change in length of any member, expressed 
in inches, being positive for tensile stress and negative for 
compresfflve stress, 5 the total stress in the member, 
expressed in pounds, A the area of cross-section of the 
member in square inches, I the length of the member 
in inches, E the coefficient of elasticity in pounds per 
square inch, t the thermal linear coefficient of expansion 
of the material in the member, per degree Fahrenheit, and 
t the change in temperature in degrees Fahrenheit. In 
order to find the displacement of the points of a structure 
it is necessary to consider the simulteineous strains or 
stresses caused by one position of loading and not the 
maximum strains or stresses, since the latter occur for 
different positions of the loading. 
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Art X.— Tlie Dliplacamcnt or 'Vniliot Dia^nun. 

A simple statically determinate truss is a structure 
formed in general by adding to some triangle as a base 
element two additional members for each panel point in 
the frame. The problem of determining the displace- 
ment of any point in a simple statically determinate frame- 
work aiter the latter has been subjected to stress may there- 
fore be treated in the most general way by obtaining the 
displacement of a panel point such as b (Pig. i), which 




is connected to the member ac by the bars ab and be. The 
member ac is also a member of the complete framework, 
in which the points a and c are asstmied to have already 
received the known displacements aa' and cc" shown in 
the figure. By the application of stress the members ab 
and ch are assumed to receive deformations of + Aab and 
— Acb, the positive sign representing an elongation. 

Considering then the triangle abc as still imstressed, 
the points a and c of the bar ac will first suffer displace- 
ment to the positions a' and c'. This motion displaces 
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the point b of the bar ab to &i, bbi being eqtial and 
parallel to aa'; and it also displaces the point b of the 
bar be to bg, 662 being equal and parallel to cif. The 
member ab is increased in length, however, by an amount 
+ Jab, and this increase is represented by drawing bi&a 
eqtial to +Jab and in the direction of a' to 61. cb, however, 
is shortened by an amount — Jcb and the point bt is found 
by laying off on c'b2, in the direction of ba to c', the distance 
6a6« — Jcb. As the point b cannot occupy the two positions 
bz and &4 simultaneously, its final position mxtst be at 
the intersection of the members a'&a and c'&4, and this 
intersection may be obtained by rotating those members 
about a' and c* as centres respectively. It will, however, be 
sufficiently accurate for the small deformations generally 
found to replace these arcs of circles by straight lines drawn 
at right angles to the radii at their extremities. In this 
case, these lines are 636' and bif>', intersecting at f/. The 
displacement of the original point b is then fully shown, 
both in magnitude and direction, by the heavy line 66'. 

The preceding operation is more conveniently appUed 
in a diagram entirely separate from the truss figure, and 
the displacement of the point b is again shown in Pig. 3, 
which is known as a displacement or Williot diagram. In 
that figure each displacement is referred to some fixed 
point known as a pole and represented by the letter O. 
This pole represents also the zero displacement Qf a point 
of the framework, taken originally as immovable or fixed. 
The displacement of any other panel point is measured by 
its displacement from the pole O. 

In Fig. 2, therefore, Oc* and Oa' are drawn thnn^h O 
respectively parallel and equal to ct/ and aa' to represent 
the displacements of the points c and a. At c', Jcb is then 
drawn parallel to be and in the proper direction to repre- 
sent the shortening of the member be; and similarly. 
Jab is drawn parallel to ab, and in the direction a to 6, to 
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represent the lengthening of that member. At the aids 
of these lines perpendiculars are erected and their inter- 
section at b' shows the displacement Ob' of the point b. In 
Pig. 3 the line Ob' vaast be the same in direction and magni- 
tude as 66* of Fig, i. 

This method is easily applied to the case of a truss- 
crane, shown in F^;. 3, for which it is required to find the 
displacement of the peak e, the point of support a being 
fixed in position. It is also asstimed that the member ab 
suffers no change in direction. The crane is supporting 
only a load W at the peak. 

In displacement work the following notation will in 
general be employed. On the truss diagram the panel 
points will always be designated by small letters, a, b, c, 
etc., while the members themselves will always be repre- 
sented by numerals i, 2, 3, etc. The deformations Ji, 
A2, J3, will, however, each be marked on the displacement 
diagram itself only by the number of the member for 
which it represents the deformation. For instance, the 
member ab in Fig. 3 is known as member i in that figure, 
and its deformation in F^. 5 is also represented by i. 
The displaced position of any point will be represented 
by the primed letter of the point, such as a', b', d. The dis- 
placement of such points from the pole will represent 
their actual displacement. 

Before obtaining the displacements of the points of the 
structure, it is necessary to determine the strains in the mem- 
bers. For this purpose the stress diagram shown in Fig. 4 
must first be drawn. Table I shows in detail the length of the 
members. The intensities of stress existing in those mem- 
bers are obtained by dividing the total stresses scaled from 
F^, 4 by the respective areas of cross-section, and the last 
column in the table shows the positive and negative strains. 
The coefficient of elasticity has been asstmied at 30,000,000 
pounds per square inch. It is the usual practice in dis- 
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Table I. 



Ifonber. 


L«>ct)imlnel». 


SB^M-rr 




Ob- I 


IIO 


~S°°o 


-.01 




144 


+7000 


+ -<'34 


bc-3 


144 




-.©»4 


cd-4 








2:i 








96 


+7000 


+ .aM 




ISO 


-5000 


-.037 



£— 30,000,000 pounds per aqiure inch 

placement work to employ the gross sections of tension 
members in place of the net sections, that is, to make no 
allowance for rivet-holes, and then to reduce slightly the 





Fio, 5. 



value of the coefficient of elasticity to a value of perhaps 
28,000,000 or 29,000,000 pounds per square inch. 

It has already been assimied in this problem that the 
member ab suffers no rotation in position but remains hori- 
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zontal and that the point a remains fixed in position. The 
point — a' is therefore chosen as the pole in Pig. 5 . The dis- 
placement of b with relation to that pole is found by diaw- 
ii^ I, Pig. 5, parallel to i, Fig. 3, and equal to —.02 inch. 
The member i is in compression, and therefore the dis- 
fdacement of h with r^ard to a is in the direction of 6 to a, 
as shown in Pig. $- If oi> were in tension, b' would be dis- 
jJaced to the i%ht of the pole O. The displacement of 
the point c may now be found by drawing lines parallel to 
2 and 3, equal to the deformations in those members and 
through the points o' and 6'. TTie intersection of the 
perpendiculars erected at the ends of 2 and 3 will then 
determine the point c*. 

The displacement of the point d is next obtained by 
drawing tlnx>ugh the points b' and t/ lines parallel to 4 
and s, representing in magnitude and direction l^e de- 
formations in those members. The intersection of the 
perpendiculars to those lines erected at their extremities 
furnishes d'. The line connecting O with d' then represents 
the dispUicement of d with respect to O. In precisely the 
same way the displacement of the point e is found by 
drawit^ lines parallel to 6 and 7 throt^h d' and b' and 
erecting perpendiciUars at their extremities. The dis- 
placement of e with regard to a is therefore- represented 
in Fig. 5 by the line Oe'. The displacement of any other 
point with regard to a is fotmd by connecting the pole 
Vith any other point. In the problem, Oe' measiuxs 
.34 inches. 

The problem just solved is more simple than the iisual 
cases of displacement found in bridge-trusses, for in those 
structures no member such as ab remains fixed in position. 
In simple bridge-trusses one end of the structure is usually 
fastened to a pin connection about which the entire truss 
may rotate, and the other pin end usually rests on rollers 
which permit that end panel point to move in one fixed 
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line only, In the case of bridge-trusses, therefore, it is 
usual in the first place to consider any member as fixed in 
direction and one end of it fixed in position, then to deter- 
mine the displacements of all the points in the structure 
with regard to that member alone. The structure, 
deformed and considered rigid in that condition, is then 
rotated about the end pin in such manner as to fulfil the 
condition that the other end moves in the proper line. 
Two separate constructions are therefore necessary for the 
case of bridge-trusses. The first construction is exactly 
similar to that already explained. The second construction 
involves the representation of the displacements of a rigid 
figure when rotated about some fixed point. 

Art 3. — ^Rotation of a Rigid Figure about a Point 

If a ri^d figure such as the shaded area ABC of Pig, 6 
is rotated slightly to take the position A"B"C", its motion 
may be expressed as one of rotation about an instantaneous 
centre O determined by the intersection of the perpendic- 
ulars from the middle points of C"C, A"A.and B"B, Tlie 
lines A" A, B"B and C"C represent the di^lacements in 
positicm of the points of the triangle. Fig. 7 represents a 
displacement diagram of a kind similar to that previously 
explained, 0" bong chosen as a pole from which all dis- 
placements are to be measured. Let there be drawn as rays 
emanating from this pole the distances a"0", b"0" and c"0", 
respectively equal and parallel to A" A, B"B and C"C, these 
distances representing the changes in position of the comers 
of the rigid frame. Connecting the points a", b" and c" by 
lines to fonn the triangle a"b"c", it will be found that this 
figure is similar to the original frame ABC but turned at 
right angles to it. For with a rotation through the small 
an^e a, the lines OD, OE and OF are practically coincident 
with OA, OB and OC respectively, and without appredable 
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error a"0' is perpendicular to OA; b"0' to OB and c"0' 
to OC, and a"0" : O^ ::6"0" : OB::c"0" : OC. 

It will be evident in examining Pig. 7 that if the points 
a" and c" had been known, the position of the point b" 
could have been determined by drawing upon the line a"c" 
a figure simileir to the rigid figure ABC but turned at right 
angles to it ; in like manner, the construction applies in the 
case of a frame with any number of points. 

In the general problems of trusses, if the displacements 
by rotation of any two points 
is known, the corresponding 
displacements of all other 
points may be found by this 
method. It will be found 
in statically determinate 
trusses that the displace- 
ment by rotation of two 



Yjo. 6, Fig. 7. 

points is always known. In general, one point, such as a, 
will be the center of rotation, while the amount of the dis- 
placement of some other comer, such as c, when subjected 
to the conditions of the problem, will furnish the displace- 
ment to be given the other point by rotation. 

If a point suffers two displacements, both of which are 
measured from the same pole 0, the final displacement of 
that point, with regard to 0, may be found by a triangle 
of displacements precisely similar to that of the triangle 
of forces. In Fig. 8 let a"0 represent the displacement 
of the point a of any figure found by the rotation of the 
structure about some point, and let Oa' represent the 
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displacement of the same point when the fs%}ire is deformed 
by stress. The final displacement of a is then represented 
by a"a' measured in the direction as read, and found by 
closing the triangle of displacements a"Oa'. It is to be 




Fn>. 8. 

noted that the direction of the resultant in the triangle is 
opposite to that of the two component displacements. 

In future notation the displacement of any point caused 
by stress will always be represented by the primed letter, 
such as a'. The displacement caused by ' rotation will 
always be represented by the second prime, such as a". 
The final displacement must then always be read in the 
direction of a" to o'. 



Alt. 3. — Defornuiti<HU of a Bridgc-tmig. 

The preceding analysis may now be applied to a bridge- 
truss in order to find the displacements of its panel points 
when it is subject to loading. A steel r£iilroad-truss hav- 
ing eight panels of 30 feet each with a depth of truss at the 
centre of 40 feet, as shown in Fig. 9, will be taken. The 
other truss dimensions are shown in the figure. The 
deformations due to both dead and live load will be deter- 
mined. The loading will be considered uniform, that 
being sufficiently accurate for the purpose. The moving 
train will be taken as covering the entire span. The dead 
loads or own weight are taken at 400 potmds per linear 
foot of span for the rails and other pieces that ccmstitute 
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the track; at 400 pounds per linear foot for the sted 
floor beams and stringers, and 1600 pounds per linear 
foot fw the weight of trusses and bracing. ' The movii^ 
train load will be taken at 4000 pounds per linear foot. 
This will make the panel loads for each truss as follows: 

Lower-chord dead load, 30 X 800 = 24,000 lbs, pw panel 
Lower-chord moving load, 30X2000-60,000 " 

Total load on lower chord -84,000 " " " 

Upper-chord dead load, 30X 400 = 12,000 " " " 

The structure is a "through" bridge, hence all movit^ 
loads rest on the lower chord. The stresses in the trussed 
members due to the combined uniform dead and moving 
load are easily fotind by the graphical method, one diagrEun 
only being needed. It is not necessary to show this 
di^fram. 

Table I shows, then, the total stresses, the intensities of 
stresses, the lengths /, and the deformations Al m the mem- 
bers. The displacement diagram (Pig. 10), may then be 
drawn in a manner similar to that for the trussed crane, 
assuming me as fixed in direction and one point of it, m, 
fixed in position. It is usually preferable to take as the 
member fixed in position a bar which it is known in advance 
suffers little displacement. This avoids an unwieldy 
diagram and explains the choice in the present instance. 
The point m' (Fig. 10) represents, therefore, the pole, and 
the displacement of e with respect to m is shown as *«V, 
The displacement of /' may then be found by drawing 
lines parallel to 12 and 22 through the points m' and e' 
respectively, equal to the deformations in those members 
and erecting perpendiculars at their ends. The intersec- 
tion of these perpendiculars gives the displacement of I 
at /'. The displacement of d may then be foimd by draw- 
ing lines parallel to 4 and 31 through ^ and I' and erecting 
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£— 36,000,000 poundi per iquue inch. 
* It will be noted that the right h«lf of IhU t&Ue is simitu to the left half, 
but that the Intensities of stress for that part of the table are but 80 per cent, of 
those shown for the memben indicated in the left half. This was done in order 
to avoid s]rmmeti7 of the displacement diagram and would not, in gencial occur 
in ptActice. 

perpendiculars at their ends. The displacement of fe is 
next foimd by drawing through /' and d' lines parallel to 
II and so respectively, equal in magnitude and in the 
proper direction to represent their deformations and 
erecting perpendiculars at their ends. Panel points c, j, b, 
and a are then considered in that order. 

a' shows the final displacement position of a, the left- 
hand end of the truss. The displacements of the panel 
points of the right half of the truss are not shown in detail, 
in order to avoid confusion of the diagram, but they would 
be found in a precisely similar manner. The diagram 
shows only the displacement of the right end i at i'. 

The figure has so far been drawn upon the assiunption 
that the point m is fixed in position and the direction of 
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me fixed. Actually, however, it is the point a which 
remains fixed in position and the point e is displaced to 
the amount aV. The diagram also shows the displace- 
ment of f to be tV, whereas the point can move only in a 
horizontal line. The distorted figure, now considered rigid, 
must therefore he so rotated about the point a that the 
point i falls in the line in which the end rollers move. 
By the methods of the previous article, a' at once becomes 
a", and it suffices merely to find the displacement of one 
other point in order to locate all the other displacements. 
The point i moves in a line at right angles to at when the 
truss rotates about a. In Pig. lo, therefore, the line a"i" 
is drawn at right angles to ai, and its intersection with 
i'i", drawn horizwital, determines the final displacement 
of i. i'i" is drawn horizontal, for that is the only possible 
direction of its displacement. The points a" and i" now 
furnish two points for the digram from which the displace- 
ment of all other points in the figure, as it is rotated about 
a, may be found. It is simply necessary to draw upon 
a"i" as a lower chord a reproduction of the main truss, 
a"f'kf'l". . . i", every line of which must be at r^ht angles 
to the corresponding line of Fig. 9. 

The final displacement, of every point is now found as 
the resultant of the two previous displacements, these latter 
always being meastired in the direction of the second 
primed letter toward the first primed letter. For instance, 
the displacement of the point e is downward from e" to *'. 

In gKieral it is sufficient to determine merely the 
vertical projections of the displacements or the deflections 
of the panel points carrying the moving load, for these 
deflections indicate the extent to which the truss must 
be cambered. They may be found by projecting the posi- 
tions of the primed letters «', d', c?, etc., to the left until 
they intersect at e\, di, ci, etc., verticals dropped from the 
panel points. The open polygon obtained by connecting 
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these points may be closed by a line Oji^ in the manner of 
closing a funicular polygon. The deflection of any panel 
point is then represented by the intercept in the polj^on 
directly below tl^t ptmit, e^fi, for instance, being the deflec- 
tion of the point e. 

Art 4. — Displacwneat Dlagnua for a Thne-hlngsd Arch. 

F^. I a represents a three-hinged arch for which it is 
desired to obtain the displacements of all the panel points 
when the structure carries load. The stresses, the sectional 
areas, the lei^hs, and the deformations of the members 
are not given in tabular form, but the str&in to which each 
member is subjected is shown to scale in the truss diagram 
by a heavy line on each member, the minus sign near 
each member representing a compressive strain, while the 
plus sign indicates an elongation. 

Treating first the left half of the arch, it is assumed that 
dj suffers no change in direction and that the point d 
remains fixed in position. Under that assumption the 
Tisual displacement diagram. Fig. 13, for the Wt half of 
the arch may be drawn, A line parallel to i is drawn verti- 
cally downward from d' (the pole) to represent the com- 
pressive strain in fed. At d' a line parallel to 2 is then 
drawn to indicate the displacement of /. The displacement 
of c is then fotmd by drawing lines through ;' and d' parallel 
to 4 and 3 respectively and finding the intersection of the 
perpendiculars erected at the extremities of these lines. 
The displacements of the panel points i, b, h, and a are 
then found by treating the strains in the order in which 
the members are numbered. 

Ther^ht half of the arch is then to be treated in precisely 
the same manner, but it is sufficient to indicate in Fig. 13 
simply the displacement of the point g, namely g'. It is 
now necessary to determine the rotation of the two halves 
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of the arch about the points a and g as centres respectively 
in such manner that the point d may coincide for both 
halves. 

Since the two parts of the structure rotate respect- 
ively about the fixed points a and g, the points a' and ^ 
of Fig. 13 become at once a" and g". Treating the left 
half of the arch first, it is seen that d rotates at right angles 
to the line ad, connecting a with d. In the displacement 
diagram (Fig. 13) the path of this rotation is indicated by 
a"d", a line drawn through a" at r^ht angles to ad. 
Similarly the right half of the arch must rotate about g, 
and the path of the rotaticm of d about g is represented by 
a line drawn through g" at right angles to gd of Pig. la. 
The intersection of these lines fixes at once the final dis- 
placement of d at d". Since two final points of displace- 
ments have been found for each half of the arch, the dis- 
placement of all other points, may be. foimd by drawing 
a figure between d" and a" precisely similar to the right- 
hand half of the arch, but with every line at right angles to 
it. It is indicated in Fig. 13 by d"k"h"a". The displace- 
ment of any point in that part of the structure is obtaiiled 
by a line connecting the double-primed with the single- 
primed letters, the displacement of h for instance being 
k"k'. 

In order to avoid confusion the displacement of the 
points on the right half of the figure are not shown. There 
would be required simply a figure drawn between g" and 
d" similar to the right half of the arch, but with every 
line at right angles to it. 

Displacements due to changes of temperature are 
treated in precisely the same manner £is the displacements 
due to stress deformations. The changes in length caused 
by the stresses are merely replaced by the changes in 
length caused by the change in temperature. 
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Art. 5.— Digplacement DUgnun for Truss with Sub-divldfld 
PaneU. 

In Fig, 14 is shown a Williot or displacement digram, 
for dead load only, for a truss with sub-divided panels, 
having a span length of 350 feet; the complete design of 
this truss is given in Chapter VI. 

Table I. 
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In Table I are shown for each member the total dead- 
load stress, the aiea. of cross-section in square inches, and the 
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length in inches. In the last column there have been cal- 
culated the changes in length of the various members due to 
dead load, the coefficient of elasticity bdng assumed at 
38,000,000 pounds per square inch. These changes in length 
are written along the members of the truss in Fig. 14. 

The Williot diagram is begun by assuming the panel 
point p as fixed in position at f'. The displacon^its of all 
other panel points are then found in reference to that dis- 
placement. Since the member op suffers an elongation of 
0.0310 inch, the line p'o' must be drawn upwards to repre- 
sent that displacement. Similarly, n' is located by drawing 
o'n' downward from 0', and equal to 0.0309 u^ch. 

Inasmuch as the truss is symmetrical and symmetrically 
loaded, it will now be sufficient to complete the di£^;ram for 
the lefthalf of the truss. 

The next point whose displacement can be found is m, 
for it is at definite distances from the new positions of o 
and H already determined. After m, the next point whose 
displacement can be found must be I, for it is fixed by its 
distances from m and p. By similar reasoning it becomes 
evident that the displacements of points must be f otind in 
the following order: 

0, n, m, I, }, k, k, g, f, e, d, c, a. 

The only variation in this order of procedure is an inter- 
change C&. h and k, for it is evident that these two points 
are independent of each other. 

The method of notation has the same meaning as in the 
ampler problem explained in Art. i. That is, the panel 
points are designated by the small letters a, b, c, etc., 
while the members themselves are represented by the 
numbers /, 2, 3, etc. 

The displaced position c^ a pcnnt is represented by the 
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primed letter of that p<niit, as a^ b', c*, etc. The displace- 
ment of such points from the pole (p in this case) repre- 
sents their actual displacement in reference to p and the 
line op of the actual truss. 

To locate m', draw bar 3 parallel to member 3 and equal 
to 0.D343 inch, and bar 4 parallel to member 4 and equal to 
0.0560 inch. Drawing perpendiculars from the ends of bars 3 
and 4 determines m' at their intersection. The construction 
proceeds in a similar manner tuitil finally the intersection a' 
is determined. Since the truss is symmetrical and symmet- 
rically loaded, the Williot diagram for the ri^t h^ must 
be symmetrical with the diagram already drawn, the axis 
of symmetry being the like XX. Therefore ai is located 
as shown, being on a horizontal line with a' and symmetri- 
cally located. 

The final and true displacement of any point of the truss 
under the dead load may now be found in reference to the 
panel point ai at the fixed end, and the line aia. For 
example, the point e so referred has been displaced 0.7S0 inch 
downward and 0.368 inch to the left, the total displace- 
ment being equal in amount and direction to the line con- 
necting a/ and e'. The displacement of «i may be scaled 
after plotting ei symmetrical to e' as shown, the displace- 
ment being aiW- 

The d^ection of the point p scales 1.57 inches and the 
movement of the point a scales 0.70 inch. Calculation of 
the vertical defiection by the method explained in Art. lao 
of the authors' " Metallic Bridges " gives 1.58 inches. The 
total elongation of the bottom chord equals 0.6973 inch. 
These results indicate the correctness of the graphical ocm- 
struction. 
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CHAPTER VI. 

THE DETAILED DESIGN OF A RAILROAD BRIDGE. 

The design of the bridge will be based on the following 
data ; * in engineering practice these would be furnished by 
the railroad company for which the bridge is to be built: 

Length of span between centies of end pin*. Panel length, 

39* i", uid number of panda, la 350' tf 

Distance between ccntrea of tnusei. 18' tf 

Distance between centie* of sttingen 7* 6" 

The centre be^t V,Lt\^ 63* o" 

The inletmediate he^t VJi^ is 54' tf 

The end height f,£, 3^ o" 

The bridge is a: through one, ' for single track, and 
the form of truss] is of the type known as the broken 
upper chord with subdivided panels, as is clearly shown 
on the stress sheet, Plate I. As specified by the Tailroad 
company, all of the material of the bridge is to be of medium 
steel; all the rivets are to be J inch, except that }-inch 
rivets may be used in the flanges of 13-inch channel posts, 
in horizontal struts at the middle of posts, and in the over- 
head lateral or sway bracing. The structure is to be 
designed according to Cooper's specifications of 1896. 

* The authon are Indebted to the American Bridge Company c€ New Yort 
for the streu sheet and detail drawings of this bridge; the origfoal detip was in 
charge of Mr. O. E. Hovej, Engioeer of Design. 

17C 
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Art 1. — StmiM in ths Str uc t o w. 

The stresses in the structure are caused by its own 
or dead weight and by the live or movi:^ load. The dead 
load may be divided into two parts, the weight of the floor 
system consisting of raik, ties, track-fastenings, stringers, 
and floor-beams, and the trusses and bracing; Excerpts 
from Cooper's speciiications relatii^ to these loadings are 
the following: 

S 2j. All Ike structures shall be proportioned to carry the 
following loads: 

I. The weight of metal in the structure. 

z. A floor weighing 400 pounds per linear foot of track 
to consist of rails, ties, and guard timbers only. 

These two items, taken together, shall constitute the dead 
load. 

3. A "live load " on each track, supposed to be moving in 
either direction, consisting of 2 "consolidation" engines, 
coupled and followed by a train load, distributed as shown on 
dtagrain E40* (or 100,000 pounds equally distributed on two 
pairs of driving-wheels, spaced seven and a half feet, centre to 
centre) .t 

The maximum stresses due to all positions of either of the 
above "live loads" of the required class, and of the "dead 
load," shall be taken to proportion all parts of the structure. 

S 27. Variation in temperature, to the extent of i^tf F., 
shall be provided for. 

9 z8. When the structures are on curves, the additional 
effect due to the centrifugal force of trains shall be considered 
as live load. It will be assumed to act ^ feet above base of rail, 

* For a diagram of locomotive £ 40, see page 100. 

t This p«t of the spedficadoa is usually employed In detennlning the man- 
mum bending moments and thean in the floor sjrstem. In the example undei 
eoosidemtion this KlIematiTe loading baa been neglected. 
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and vnU be commuted for a speed of ^o-2d miles per hour; 
d being the degree of curve. 

S 2p. All parts shall be so designed that the stresses coming 
upon them can be accurately calctdated. 

{ 38 does not apply to the structure under consideratioo, 
and the requirements of S 27 may be fulfilled by placing 
one end of the bridge upon a nest of movable rollers. 



Art 3.— Determination of Dead-load Stzenet. 

The weight per linear foot of the trusses, not including 
the floor system but including all the lateral and cross 
bracii^, may be approximately estimated by means of the 
following formula; W — al, where W is the we^ht per 
linear foot of both trusses and bracing in pounds, a is a 
numerical coefficiient, and I is the length of span in feet. 
In the bridge under consideration a may be taken as 
7.75. The weight of the two trusses then becomes 3700 
pounds per linear foot, or 39,380 pounds per panel per truss. 
This weight must be equally divided between the upper 
and lower panel points. The specifications require the 
weight of track to be taken at 400 pounds per linear foot, 
while the remainder of the floor system may be assumed 
to we^h 500 pounds per linear foot; h^ice these loads 
become 5830 and 7290 pounds per panel per truss respect- 
ively. They act at the lower pand points. 

The upper panel-point loading is then 19,690 potmds, 
but the lower panel-point loading becomes 32,810 poimds. 

The dead-load stresses are easily determined by graphic 
methods as shown in Fig. i ; for that figure only those 
web members shown in fiUl lines are assumed to act, the 
dotted members acting as counters.* It is unnecessary to 
explain the details of the figure; but to insure the accuracy 

* See Chftp. II, Ait. 18, for the tmtmcnt of BUbdiTided panek. 
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of the graphic diagram it is important to check analytically 
the last stress found. The stress in L^Lb, for instance, is 
so found by passing a section through UiXJt, VfMtt and 
LiLt and taking the centre of moments at U^. 
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The compression stresses in L^M^ and MtUt are found 
by asstuning (/3M4 not to exist and are quickly determined 
by the method of sections. 
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Alt 3.— Determination of UreJotd StnuM in the Chordi. 

The position of the moving load causing the greatest 
bending moment at any point in a truss or beam is found 
by the following criterion,* it being supposed for con- 
venience that the train passes along the truss from right 
to left with Wi as the front load: 






(I) 



In eq. (i), I' represents the distance from the left aid 
of the truss to the centre of moments, i.e., to the point 
in question, and I the total length of the truss; 
Wi + Wi . . . W^' the sum of the loads on /' and 
Wi + W,.,.Wn the sum of the loads on I. 

By the method of sections the stress in a chord member 
is found by dividing the maximum bending moment at 
the proper panel point by the normal distance (or lever- 
arm) from the panel point to the chord member in question. 
This method is directly applicable to the truss considered, 
although the modification furnished in Chap. II, Art. so is 
necessary in the case of the chord members in the sub- 
divided panels. 

By drawing a re£iction influence line both the truss 
reaction and the bending moment at any point for any 
position of the moving load may be at once measured; 
the diagram sboxald be made on a large scale in order to 
attain the behest practicable d^ree of accuracy. 



* See eq. (6), Chap. II, Art. 6. 



Digit zed by Google 



UVB-LOAD STRESSES IN H^B MEMBERS. 

TABLE I. 
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-631.000 
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£, 





By applying the criterion, eq. (i), and completing 
these diagrams, the results shown in the preceding table 
will be obtained. The table exhibits both the positions 
of the concentrations for the greatest bending moments 
and the greatest stresses in the various chord members. 

The unifonn load is treated as a uniform series of 
loads of 35,000 pounds each; i.e., load No. 33 in the table 
indicates the fifth toad of this series. 



Art. 4. — Deteimlnatioii of live-load StresMi in Web Hembera. 

The methods of Chap. II, Art. 16 were used to determine 
the position of the loading causing the maximum stresses 
in the web members of this truss, the modifications neces- 
sary for subdivided panels bei:^ given in Art. 19 of the 
same chapter. 

The application of those methods gives all the results, 
both as to positions of loading and the greatest web stresses, 
exhibited in Table II: 
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TABLE II. 
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t„Iorp™l£A 


+ t68,ooo 


do. 
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+ 63,000 
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I,to,pu»lL.r. 


+ 104,000 
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fnwlefttoii^ 


«.!, 




i:.f«p»idw. 


+ 8a,ooo 
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CA 




I. 


- 79.000 


Tnin advaodng 
from right to fcft 


OmM, 




I, for pud V, 


+ 173,000 


do. 


"A 




I.for|»«lI.t, 


+ 136.000 


do. 



The members (/iLi,iW4L4, and JWoi-o are simply hangers. 
They carry in tension the maximum floor-beam load, which 
occurs when wheel No. 5 is directly at the hanger. 

The members UtM* and UoMt are simply supporting 
struts; they carry in compression the dead load assumed 
to exist at their upper ends, but they carry no live load. 

The horizontal struts JWgAf* and MsMt are intended 
simply to prevent flexure of the long coltmin into which 
they frame. They are subject to no direct stresses of 
either tension or compression. 

The determination of the maximum tension in the ver- 
tical members UaL and UfLt has already been treated in 
full in Art. si, Chap. II. 
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Art 5.— Detennlnation of Wind Stninf. 

Cooper's specifications prescribe: 

" i 24. To provide for wind stresses and vibrations , . . 
the bottom lateral bracing in through bridges, for all spans 
up to 300 feet, shall be proportioned to resist a lateral force of 
4S0 pounds for each foot of ike span; 300 pounds of this to 
be treated as a momng load, and as acting on a train of cars, 
at a line 8.5 feet above base of rail. 

" ... the top lateral bracing in through bridges for aU 
spans up to 300 feet shall be proportioned to resist a lateral 
force of 150 pounds for each foot of span. 

"For spans exceeding 300 feet add in each of the above 
cases 10 pounds for each additional 30 feet of span." 

In accordance with these specifications, the assumed 
wind load for the bottom chord will be 470 pounds per 
linear foot, and for the upper chord 170 pounds per lii^r 
foot. 

Upper Latercd Bracing. 

The stresses for the upper chord lateral bracir^ are 
found in the most expeditiotis way by analytical methods.* 

The bracing may be considered a truss of 13 panels 
lyii^ in a horizontal plane with its abutments at the feet 
of the end posts. The loading is fixed in position and 
equal to 29.1 X 170— 4950 pounds per panel, the reaction 
at the end post beii^ 29,700 pounds. The secant of the 
angle of inclination between the. web members and the 
perpendicular to the plane of the, main truss is 1.9. The 
stresses in the web members are then found by multiplying 

* For the ticfttment of wind bndng, m exemplified in thii dwpler, the nmdei 
i* refened to the autbon' "Uetailic Bridges." 
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the shear in the respective panels by tiiis secant, and 
they are given on the stress sheet. It shoiild be noted 
that in this treatment the panel of the portal is considered 
a part of the wind bracing, althottgh the true lateral brac- 
ing in that panel is replaced by a portal frame. This 
involves no error in determining the stresses of the webbing 
of the system, and is on the side of safety for the chord 
members. The stresses in the chord members are easily 
found by the method of sections. 

Lower Lateral Bracing. 

The lower lateral bracing is designed for a movii^ load 
of 300 pounds per hneal foot and a fixed load of 170 pounds 
per lineal foot. The stresses in the chord members of that 
system are easily found by multiplying the stresses in 
the chord members of the upper lateral system by the ratio 

between the loads of the two systems, i.e., -^-2.76. 

The simi of the fixed and movij^ loads is taken, since the 
truss must be entirely covered by the moving load for max- 
imum chord stresses. The residting stresses are shown on 
the stress sheet. 

The stresses in the webbing are fotmd by taking the 
stationary load the same as for the upper chord bracing 
and combining its effects with those due to the moving 
load. The following examples iliustmte the method 
employed : 

Web Member in Panel LaL\. 

The stress in this member has its maximum value when 
the entire truss is covered by the moving load. The reaction 
then becomes 52,500 pounds, and the shear in the panel 
is 52,500- (29.1X300)72 =48,150 poimds. The stress is 
then 48,150X1-9-91,500 pounds. To this must be added 
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the stress due to the stationary wind load, viz., 5100 
pounds. The sum of these two quantities may then be 
assumed to be carried equally between the two intersecting 
web members within the panel, causing compression in 
the one and tension in the other member. 

The resultant stress for each is therefore M9i>5o° + 
51,000) =-71,250 pounds. 

Web Member in Panel L1L3. 

For this member, "/ii of the bridge, or 318.1 feet, should 
be covered by the tmifoim moving load.* The shear in the 
panel is then 43.400 — 3620-39,780 poimds, and the 
stress is 75,500 pounds. The stress due to the stationary 
load is 42,000 pounds; hence the final stress in the member 
is i(75, 500 + 42,000) —58,750 pounds. 

The other web members of this lateral system are 
treated in precisely the same manner. 



Alt. 6. — DflsigD of Lower Chord Hemben. 

The specifications which apply to the design of the 
lower chords are the following: 

% 30. All parts of the structures shall be proportioned in 
tension by the following alUnved unit stresses: 

Bottom chords, main diagonals, counters, and long verticals 
(forged eye-bars) — for live loads 10,000 pounds per square 
inch and for dead loads 20,000 pounds per square inch. 

5 36. The stresses in the truss members or trestle posts 
from the assumed wind forces need not be considered except 
as follows: 

1st. When the wind stresses on any member exceed one 
quarter of the maximum stresses due to the dead and live loads 

*T1k student may check this by the method of inSuence tints. 
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Upon ike same member. The section shall then be increased 
until lite Mai stress per square ituk will not exceed by man 
than one quarter the maximum fixed for dead and live loads 
ttnly. 

Member LtL^ 

The stresses in this member, as taken £rom the stress 
sheet, are: 

Dead^oad HreM— +434,000 pounds, 
live-load straa — +550,000 " 



Neglecting the wind stress, the area of cross-sectitm 
required would be 80.3 square inches, as shown: 

434,000 -^ 30,000 —3t. 3 square inches. 
590,000-!- 10,000 "59.0 " " 

80.2 

The actual intensity of stress in the member would 
then be (424,000 + 590,000) +80.3 =12,600 pounds per 
square inch. The iinit stress due to wind would then be 

403,000 , 

—5- —5010 pounds, 

which exceeds by 5010— 3i5o-=i86o pounds, one quarter 
of the unit stress due to the dead and live load. The 
sectional area of the chord member, therefore, must be 
increased tmtil the intensity of stress does not exceed 
i3,6ooX|-=iS,7So pounds. The combined dead, Uve, and 
wind loads is 1,416,000 poxmds. Hence the required area 
of cross-section will be 

1,416,000 o . , 

— -^ — 89-9 square mches. 

15.750 ^ 
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The member will then be composed of six eye-bars, each 
8 inches deep by* i\ inches thick, the area of whose com- 
bined cross-section will be 90 square inches. 

Other lower chord members are treated in exactly the 
same way, and it will sxiifice to consider one more only. 

Member L^Li. 

Dead-load streas— +381,000 Ibo. @ 10,000 lb*. — 19.1 aq. In. 
IiT»4oadilitti — + 537,ooolbs.@io,ooo]bs.-53.7 " 

7.-8 " 

WlDdstKM-+ 356,000 lbs. 

TotalstTeii--(-i,»75,ooo " 

N^Iecting wind stress, the average stress in the member 
would be 

382,000 + 537,000 , . , . ^ 

= — g = 12,620 pounds per square mch. 

Adding 25 per cent, to this stress on account of wind, the 
final section required becomes 

1,275,000 „ „ , . 

-. — T~—, r =-80.8 square inches. 

(12,630 + 3,154) ^ 

The member will be composed of six eye-bars, each 
8 X iH inches, whose combined area will be 81 square inches. 

The lower chord members in the first two panels of the 
truss are subjected to a more sudden loading than those 
in the other panels; it is therefore customary to form these 
members either of shapes suitable to resist compression, 
such as channels, or stiffen them by latticing the eye-bars 
together. In the present case the latter plan will be 
adopted; the two centre eye-bars, four being necessary, 
will be tied together by 2iXj-inch latticft bars. 
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Aft 7.— Dedcn of Upper Cliord Monbeit. 

The following specifications apply to the design of the 
upper chord; 

J 33. Compression members shall be proportioned by th« 
foUowing allowed unit stresses: 

Chord segments: 

P — 10,000— 45— for live-load stresses; 
P - 20,000 — QO— for dead-load stresses. 



End posts are not to be consider^ chord segments. All 
posts of through bridges: 

P — 8500 —45— for live-load stresses; 
P — 1^,000 — QO— for dead-load stresses. 



in which expressions P is the allowed stress in pounds p*r 
square inch of cross-section, I is the length of compression 
member in inches; r is the least radius of gyration of the 
section in inches. 

No compression member, however, shall have a len^ 
exceeding 125 times its least, radius of gyration. 

i yo. The unsupported width of plates subjected to com- 
pression shall not exceed 30 times their thickness, except cover- 
plates of top chords and end posts, which will be limited to 
40 times their thickness. 

{ po. In compression chord sections the material must 
mostly be concentrated at the sides, in the angles and vertical 
ribs. Not more than one plate, and this not exceeding \ inch 
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in thickness, shall be used as a cover-plate, except when neces- 
sary to resist bendit^ stresses or to comply with S ^0. 



Member UfUf 

Detd-load itTess— —448,000 poandsi 
live-load BtieM— —634,000 " 

It will now simplify the design work to reduce the d^d- 
load stress to tiie equivalent Uve-load stress; for this 
member the hve-toad stress, plus one half the dead-load 
stress, becomes 848,000 poimds. 

The allowed unit stress is not a constant quantity for 
compression members, but it depends upon the radius of 
gyration of the cross-section of the member. It becomes 
necessary, therefore, in des^ning, to assume some trial 
value for the radius of gyration. In the rectangular or 
box form of section adopted for upper chord members, 
it will usually be found that the radius of gyration has 
a value of about 0.4 the depth of the side plates, the depth 
of the member being taken slightly greater than would be 
the case in a vertical coliomn on account of the bending 
induced by its own weight. This depth is usually about 
one-twelfth to one-fifteenth the length. 

In the case of UsU^, the depth of the member may be 
taken as 28 inches; the assumed radius of gyration be- 
comes II. 2, and ^ce I is 350 inches, the assumed unit 
stress becomes 

P - 10,000 — A$~rrz " 8594 pounds per square inch. 

The approximate area reqiiired is therefore 
848,000 + 8594-98.7 square inches. 



by Google 



190 



DETAILED DESIGN OF A RAIUtOAD BRIDGE. [Ca. VL 



A trial croGS-section must now be formed from an^es 
and plates of about this area, and tested to ascertain 
whether the assumed radius of gyration must be modified. 
The upper angles in the trial section should be made as 
light as possible, so that the cover-plate may be largely 
balanced by the heavy bottcon angles. Flat bars are 
frequently added to the horizontal legs of the lower an^es 
for the same purpose. In this manner the centre of gravity 
of the section may be brought down sufficiently near to 
mid depth to give the space needed inside the chord for 
the eye-bar heads, the pin axis being made to pass through 
the centre of gravity of the section. At the same time 
there is gained the incidental but important advantage of 
an increased moment of inertia. If the chord were subject 
to no bendii^ from its own weight, the axis of every pin 
should pass through the centre of gravity of the section. 
It may be shown * that this flexure cannot be satisfactorily 
met and neutralized by the direct stress, particularly if 
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the chord is considered as continuous. It is best there- 
fore to reduce the bending stresses by making the chord 
depth as great as possible and placing the axis of the pin 
either throi^h the centre of gravity of the secticm or but 
slightly below it. 

* See Alt. 69, Burr's "Coune on Sti«a*es In Bddge utd Roof Tnii»ii " . 
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Let the following section (shown in F^. a) be tested: 

Sq-In. 

icoTCT-plate 3o"Xl" -'8.7s 

»»ngle» 4"X3i"XA"- 7.80 

awebpUtes a8"Xi" -»8.<» 

« " " »8''XA" -24.S0 

••"rf** S"X4"Xft"- 9SO 

• bw. 6"Xf" -W.50 

99.0s 

The position of the centre of gravity of this section must 
first be determined by taking moments about the upper 
edge. The following calculation will determine its position : 

Uonwnt of cover-plate 18.75X 0.31^ 5 

" ■ " upper angles. 7.B0X 1. 91— 14 

" " wcbpUtes 5*.5oX 14-63-768. 

" ■■ lower angles. 9.50X37.51 — 361 

" "bus. 10.50X39.07 — 306. 

ToCal-i, 

Dividing this sum by the total area of the section deter- 
mines the distance of the centre of gravity frcmi the upper 
edge, i.e., 

1356-6 



The moment of inertia of the section must now be found 
about this centre of gravity as an axis : 

Corer-pUte, ^ -^f ^ ' ' ■«• tiB.T5X (^3.5)1- 3,4«>.« 
UpperMgles, 9XS-7'+[7-8oXCii.9)1- i,ii4^ 

WAptate., i:5Z521i2S!+[5,.5ox(.8)1- 3^63.6 
Lcnrcr uglei, »X6.37-l-[g.joX(i3.7)l- x,7«-S 

■ Bm, UaSgZSi: .|.[,o.50X(i5-3)l- 'AHo-I 

Totia-M,3S3J 
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The radius of gyration is equal to the square root of the 
quotient obtained by dividing the moment of inertia by 
the area, that is, 



'-4 



where r —the radius of gyration of sectioOt 

/ - moment of inertia of section, 
and A -area of section. 
In the i^esent case 



,-4^ 



3.253-8 . . 

■————-II. I mches. 
9905 



This is so nearly the value assumed that it will not be 
necessary to repeat the calculations with the true value of r. 
If there had been a considerable diflEerence between the 
asstuned and the actual values of r it would have been 
necessary to repeat the calculations with such changes 
in the trial section as would furnish satisfactorily correct 
results. 

It must be determined whether the moment of inertia 
may not be smaller about the vertical axis of symmetry 
of the section ; if this be the case, this smaller value of r 
must be used to determine the allowed intensity of stress. 
The calculations for this moment of inertia are as follows: 

co«r-pi.te. "^syy*?* , ,^5 

UM»er»nglei, 3(4-07+ (".S3)'X 3-9]- i.»36 

Webpktes, »[itt^^+a6.JsX(ii.03)»]- 6,404 
Lower auglM, 3(ii.36-l-(i3.ia)*X4-TSl~ ^r^ 

B™. .[^5252il21+j.,jx(„.s).]. .,944 

Total- 19,64^ 
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This moment of inertia is lai^er than the one found 
for the horizontal axis, and it need not therefore be further 
considered. 

The distance from back to back of the lower and upper 
angles will be made 28^ inches, being slightly greater than 
the depth of side plates in order to prevent their inter- 
ference with the cover-plate or lower bars during manu- 
facture. The axis of the pins will be placed i4i inches 
from the upper edge of the cover-plate, thus allowing 
a small counter moment from the direct stress due to a 
lever-arm of 0.7 inch. The other upper chord members 
are treated in precisely the same manner. The stress 
sheet, Plate i, shows in sufficient detail the forms of cross- 
section adopted. 

End Post LoUi. 

The end post is designed under a different provision of 
the specifications, the allowed intensity of stress for live 
load beii^ found by the following formula: 

/■-85oo-45-^. 

The length of the end post between pins is 558 inches, 
but it may be assumed that the effective length is only 
one half of this, since the post is supported at its centre 
in one direction by an inclined strut, and in the direction 
at right angles by the portal bracing. Assuming 1 = 21^ 
inches and r — ii.i inches, the allowed intensity of stress 
becomes 7370 pounds per square inch. 
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The stress sheet indicates the section adopted for this 
member. It will be found on examination that the require- 
ments of the specifications concerning the imsupported 
widths of plates in compression have been fulfilled. 

Art. 8. — Design of Floor-beam Hangers. 

UiLu LiM4, LtMn. 

These members are built from shapes rather than from 
bars with forged ends, in order that the floor-beams may be 
attached to them with the same details that are used at 
other panel points. The following specifications apply: 

§ 30. Floor-beam hangers and other similar members (in 
tension) liable to sudden loading {plates and shapes), net 
section at 6000 pounds per square inch. 

Long verticals in tension {plates or shapes) , net section at 
gooo pounds per square inch for live loads and 18,000 pounds 
per square inch for dead loads. 

UiLu L,Mt, and L^M^ are long verticals, and they are 
covered by the second of the preceding provisions. 

Member UiLi. 

De>d-to*d (Mm -+ 33,000 pound* 

Iive4oM]itieM — -t- 84,000 " 

()deKl+Uv«) load Kreu- -1-100,500 " 
-^fHf — [1.17 •qiureincbea required. 

The following 15-inch channels spaced 14 inches back 

to back more than satisfy this requirement: 

Two 15-inch channels weighing 32.95 potmdsperlin. ft. ©9.69 

square inches-i9.38 square inches gross or 17.88 

square inches net, held together by single latticing 

ajxt inches. 

This is much more metal than is needed, but the member 

is 36 feet long and requires increased stiffness on that 
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account. As these same channels must be tised for a 
number of the main web members of the truss, they will 
also be used for these long verticals. 

Members LtMt and LoAfo. 

Both of these members are subjected to the same 
stresses, and since they occupy similar positions in the 
truss, they will be designed exactly alike. 

D«ad4oad stKM •• + 33,000 pouodi 

Lire-hMd strcM — + 84,000 " 

Odead + UTc) bad itrem- +100,500 " 
-HUf^ii.'^^lu*" inches requiitd. 

A narrower channel than la inches cannot be used on 
account of the floor-beam connection; it will be necessary 
to use two la-inch channels, each we^hing 24.51 poimds 
per linear foot, with a total gross area of 14.4a square 
inches and a net area of ia.86 square inches tied together 
by single latticing ajxi inches. These members will be 
continued vertically .upward to form the members MtUt 
and Mflt/fl respectively ; their sections are ample to carry 
the compressive stresses imposed. 

Art 9.— Dedgo of Vertical Main Web Kemben or Pofts. 

U2U, UtLt. UiLs. 

These main vertical posts are all in compression and 
therefore subject to the following specification: 

i 33. All posts of through bridges shall be proportioned by 
the following allowed unit stresses: 

■P— 8,^00 — 4S— for live-load stresses; 

P ^ 17,000 — Q0-~ for dead-load stresses. 
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Member U^Lj. 

Dead-load ititM ~ — 98,000 poundi 

Live-load ttrcM — — 161,000 " 

(iclead + Ura)kMu]ttKM--iio,ooo " 

By assuming the width of post at a a inches, and the 
radius of gyration .35 of this width, the length of the post 
being 540 inches, the allowed intensity of stress becomes 



P-Sjoo- 



45X540 



area of section required '■ -39-3 square inches. 



H===ti 



M-^ 



POtTIV, 

Flo. 3. 

The following trial section (Fig. 3) may be assumed: 

a plates aa"Xft" — «4-75 square inches 

4angles 3i"X3i"Xft"-i4.6o 

39-35 
The plates are spaced 14 inches back to back. The 
moment of inertia about the AB axis will be: 

Plates - 3I ^ — ^— I - 1000 

Angles -4t4-o + (3-65 X lo*)] - 1476 
Total - 2476 
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It will not be necessary to make iise of the radius of 
gyration about the CD axis (in this case 6.48 inches), since 
the length of the coltunn to be inserted in the formula, 
when considering this radius, is much reduced by the 
cross-bracing at its upper end. The allowed intensity of 
stress for this shortened column, taken in connection with 
the smaller radius of gyration, should always be tested. 

In the present case the value of 7.95 inches for the AB 
radius checks the value assumed sufficiently near so that 
recalctilation will not be necessary; the trial section will 
be adopted as it stands, using single ai X i inch lattice bars. 

Member UaLg. 

Dead-load atnas— — 33,000 pound* 
*lJvc-kHul sti«u —+15,000 " 
Live-load stren ——73,000 " 

In the case of this member, the following specification 
relative to alternate stress becomes operative: 

S J5. Members subject to alternate stresses of tension and 
Compression shall be proportioned to resist each kind of 
stress. Both of the stresses shall, however, be considered as 
increased by an amount equal to xi of f^ i^ost of ike two 
stresses for determining the sectional areas by the usual 
allowed unit stresses. 

The equivalent live-load stress for UsLi then becomes 
(J dead + n tension live + compression live) load stress 
— — 109,000 pounds. 

Assuming a width of 15 inches, and the radius of gyra- 
tion .35 the width, the length of- the column being 27 feet 
(not 54 feet, since it is supported in two directions at the 
centre) furnishes a unit stress of 8500— (4SX3a4)/s.25 — 



*Sec Ctup. II, Alt. ax, for Ibe detenninatloo of thii couoter-ttms. 
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5730 pounds per square inch. The required area will 
therefore be 

— =-19.0 square inches. 

A trial section (rf 2-15 inch channels, weighing 32.95 
pounds per linear foot, with a total area of section of 
19.5S square inches, will be found to furnish a radius of 
gyration of 5.67 inches, and to fulfil all the required con- 
ditions. The spacing back to back of channels will be 
made uniform with that of the other hangers and posts 
at 14 inches, and the latticing will be single, 2^X| inches. 

Member UtLs. 

Dead-kikd luess— — 7,000 pound* 
live-load strcai — + 97,000 " 
live-load streai — — 79,000 " 

The equivalent live-load stress is (iX7ooo + nX27,ooo 
+ 79,000) -104,100 poimds compression. 

TTie effective length of coliunn may be assumed as one 
half of 63 feet, and since the stress in UtLs is nearly the 
same as that in UaLz, the section belonging to the latter 
may be tised for a trial; therefore r-s.d? inches. The 
allowed intensity of stress then becomes: ^-8500 — 
{4SX378)/s.67-ssoo pounds per square inch, and tiie 
area of cross-section reqtured 104,100/5500-18.95 square 
inches. 

The trial section of 19.38 square inches may therefore be 
adopted as final, using as in the other cases a spacing of 
14 inches back to back of channels and single latticing 
3} inches by Xj inch. 
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Alt 10. — Dtdga <rf lUn and Coontei Web Hemben. 

Tension Web Menders, I/jLj, UiM4. MtLii, U^Mn. 

The following specification applies to these tension web 
members: 

{ JO. The allowed unit stresses in tension for main 
diagonals and counters shall be: 

10,000 pounds per square inch for live loads. 
20,000 pounds per square inch for dead loads. 

Member U^z- 



The equivalent live-load stress is (J dead + live) load 
stress - + 199,000 pounds. 

The reqtiired area of cross-section will therefore be 



199,000 



— 19.9 square inches 



and will be fonned of 2 eye-bars 7 inchesXiA inches - 
30.I3 sqtiare inches. 

The following table shows the method of design for 
the other web members. 



IbmtMr. 


^ 


"^ 




-m 


Section Adapted. 


Squ«i« 


i; 


+90,000 


+204,000 

+ .68^ 
+ 173.000 


+ 149,000 
+ i9ti.S'» 
+ 191,000 


■4% 

19.1 


2bBIB-7"XlS" 

ihan-T^Xii" 


>S-38 
ao.ia 
.9-«6 
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Counter Weh Members, LtU», LMt, LgMa, and M^t/s. 

The f oUowing specification applies to these mranbers : 
S 4^. The areas of counters shall be determined by taking 
the difference in areas due to the live- and dead-load stresses 
considered separately; the counters in (oiy one panel must 
have a combined sectional area of at least j sqtiars inches, 
or else must be capable of carrying all the counter live load 
in that panel. 

Member L^Ua. 

There is actually no counter stress in the panel LgLt, 
and the member L2US is only inserted to secure a margin 
of safety. In compliance with the specifications, there- 
fore, it must have a cross-section of at least 3 square inches. 
One adjustable rod 1} inches square having an area of 
3.06 square inches fulfils these requirements. 



Member LzMt. 

Dcftd-load stKM— —90,000 pounds 
Uve-lokd itrcai —+83,000 " 

The difference between the equivalent of the dead-load 
stress in terms of the live load and the live load will be 
— i(9o,ooo)+8a,ooo--37,ooo pounds tension. 

At 10,000 pounds per square inch a cross-sectional 
area of 3.7 square inches will be required. Two adjustable 
rods li inches square having an area of cross-section of 
4.5 square inches will be used. 

The stress in the remaining counter members are not 
completely determined statically, and the sectional areas 
of those members shotild be based on the undiminished 
live-load stresses in them. 



Digit zed by Google 



AaT.io.] oeSJGN OF COUNTER IVEB MEMBERS. tei 

Member L^M^ 

Dead-load tti«M—— 36,000 pound* 
live-load ttieat — + 136,000 " 

This member should be designed according to the last 
condition of the specification, viz., to be capable of 
carrying all the counter live load in the panel; the area 
required will therefore be 13.5 square inches, and will be 
composed of 2 adjustable bars 6Xii inches having an 
area of 13.5 sqi^are inches. 

Member M^Us. 

Llve-lo»d itTcn ~ + y)fioa pounds 
Dead-load sttcu— + 6>,ooo " 

or 

)6,ooD poundi 

This member will be designed according to the same 
condition as LsMt. In this case all the counter live-load 
stress equals 104,000 pounds, and at 10,000 poimds per 
square inch the area reqitired would be 10.4 square inches, 
which is supplied by two 6X1 inch eye-bars having an 
area of 13 square inches. 

This completes the design of the main members of the 
truss; the intennediate struts MaMt, M^M^, and the 
collision strut supporting the centre of the end post cany 
no definite stresses. Their form of section depends to a 
great extent upon their end connections, and they are 
usually built of light angles latticed together in box shape. 

In the present case all these struts will be built of four 
SiXsiX} inch aisles, having a combined area of 10 square 
inches laced tc^ether in a box form by four sets of single 
Jacings 2JXA inches. The dimensions of the box forms 
will depend upon the connections which these struts make 
with other members. 
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Art ti.— ComUned StmMt. 

( ^. When any member is subjected to the action of both 
axial and bending stresses, as in the case of end posts of 
through bridges, or of chords carrying distributed floor loads, 
it must be proportioned so that the greatest fibre strength wiil 
not exceed the allowable limits of tension or compression on 
that member. If the fibre stress resulting from weight only, 
of any member exceeds lo per cent, of the allowed unit stress 
on such member, such excess must be considered in proportion- 
ing the areas. 

In accordance with the above specification the chord 
membere should be tested with reference to the bending 
stresses induced by their own weight. The condition of 
the ends or of the supported sections of these sections 
considered as beams is largely a matter of conjecture ; they 
may be considered fixed at their ends or assumed entirely 
free to turn, or their condition may be assumed half way 
between. It is probably reasonable, at least, to assiime 
these members fixed at their ends or supported sections, 
since the friction on the pins will tend to produce that 
condition. 

It will be sufficient for present purposes to test one 
upper and one lower chord member for combined stresses. 
The method here adopted for finding the bendii^ stress in 
the truss members, although always yielding safe results, 
is not exact. Strictiy speaking, the bending effect of the 
axial stresses should be recognized.* 

Member UtUt- 

The cross-sectional area of this ntunber is 99.09 square 
inches, but allowing 30 per cent, additional for rivets, 

* For the eact tlieoir, kc Butt's "RouUitce at Mtteiula," cditioa 1903, 
p. 181. 
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lattjcii^, and other details, the weight per inch of length 
will be 33.8 pounds. TTie length between centres of end 
pins is 3 50 inches ; therefore the maximum bending moment 
M, assuming the member to have fixed ends, will be at 
the centre, and equal to 518.000 inch-pounds. 

The moment of inertia / of the section is 12,254; there- 
fore k, the intensity of stress in the extreme fibres, is, by 
the following formula, 

. Md 518,000X14 , . . 

k—~j-=-^ -593 pounds per square mch. 

This is less than 10 per cent, of the allowed compressive 
intensity in the member, and it may therefore be neglected. 

Member L^L^. 

The dimensions of one eye-bar are 8 inches deepXiJ 
inches thick X 350 inches long ; the weight per inch of length 
will be 4J pounds, and the maximum bending moment 
at the centre, assuming fixed ends, will be 32,500 inch- 
pounds. The moment of inertia is 80; therefore the 
stress in the extreme fibres at the centre will be 

— - ^j. — 1635 pounds per square inch. 

The permissible axial unit stress (see page 186) was 15,750 
pounds per square inch, and the bending stress is so slightly 
in excess of 10 per cent, that it may be safely n^lected. 

There still remains to be treated the bending in the 
end post caused by the overturning effect of the wind; 
the maximum bending will occur at the connection of the 
curved bracket of the portal to the end post and at the 
foot of the end post, since that member may be considered 
fixed at the lower end, and may be treated precisely as in 
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the case of a post supporting a roof-truss by the aid of 
brackets (Chap. I, Art. i8). A point of contraflexure 
midway between the foot of the end post and the curved 
bracket may therefore be assumed to exist. 

If it be supposed that the wind loads of the upper chord 
are carried equally to both end posts, the maximum bend- 
ing moment becomes } the wind reaction by ^ the distance 
along the post measured from its foot to tiie bracket con- 
nection; in this case 14,875 pounds X 140 inches =-2,082,500 
inch-pounds. The moment of inertia about the axis of 
bending is about 13,500, and the distance from the neutral 
axis to the extreme fibre of the upper angles is 15 inches, 
it being remembered that the bending takes place in the 
plane at right aisles to the vertical plane through the 
axis of the truss. The stress in the extreme fibre will 
then be 

3,082,500X15 . . . 

■ ^ — 2500 pounds per square mch. 

At the same time the stress in the web plates, which con- 
stitute the greater portion of the cross-section of the post, 
will be (3,083, 500X11. s)/i2, 500 — 1930 pounds per square 
inch, due to this same bending. 

This stress is a wind stress, and is therefore subject to 
( 36 of the specifications. The average stress in the end 
post due to dead and live loads is (371,000+ s38,ooo)/97. 25 
-■9350 pounds, and one quarter of this is 3310 pounds; 
therefore the bending due to wind may be safely neglected. 
As a further margin of safety it should be noted that the 
point of greatest bending due to wind does not coiucide 
with the point of greatest bending due to the simple com- 
pression in the member. 



Digit zed by Google 



Amt. 13.] DESIGN OF STfUNCERS AND FLOOR-BEAMS. »<>$ 

Art. 13. — Design of Stringers and Floor-beams. 

The following specifications apply to these members: 

G JO. The allowed unit stress in tension, for the bottom 
flanges of riveted cross-girders (net section), shall be I0,ooo 
pounds per square inch, and for the bottom flanges of riveted 
longitudinal plate girders used as track stringers {net section), 
10,000 pounds per square inch. 

§ 40. In beams and plate girders the compression flanges 
shall be made of the same gross section as the tension flanges. 

j 41. Riveted longitudinal girders shall have, preferably, a 
depth not less than one tenth the span. 

§ 42. Plate girders shall be proportioned upon ihe sup- 
position that the bending or chord stresses are resisted entirely 
by the upper and lower flanges, and that the shearing or web 
stresses are resisted entirely by the web plate; no part of the 
web plate shall be estimated as flange area. 

The distance between centres of gravity of the flange 
area will be considered as the effective depth of all girders. 

i 43. The webs of plate girders must be stiffened at 
intervals of about the depth of the girders, wherever the shearing 
stress per square inch exceeds the stress cdlowed by the follow- 
ing formula: 

Allowed shearing stress - 



3,000 

v^tere H •'ratio of depth of web to its thickness; but no web 
piaies shall be less than } of an inch in thickness. 



The following specifications for riveting also aj^ly to 
the design of these members: 

I jy. The rivets in all members other than those of the 
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floor and lateral systems must be so spaced that the shearing 
stress per square inch shall not exceed gooo pounds, nor the 
pressure on the bearing surface (diameter Xthickness of the 
piece) of the rivet-hole exceed 15,000 pounds per square inch. 

The rivets in all members of the floor system, including all 
hanger connections, miist be so spaced that the shearing stresses 
and bearing pressures shall not exceed 80 per cent, of ike above 
limits. 

In the case of field riveting {and for bolts) the above- 
alloived shearing stresses and pressures shall be reduced one 
third. 

Rivets and bolts mtist not be used in direct tension. 



Stringers. 

The stringers are assumed 350 inches long and 32J 
inches bsick to back of angles, the depth of the strii^er 
being taken a little less than one tenth of the span to permit 
the required track elevation. The actual depth of the web 
plate will be 32 inches, but the distance back to back of 
angles is increased by ^ inch, so that the web will not 
project between the angles and cause difficulty in riveting 
the cover-plates. It should be noted that shallow stringers 
deflect more than deeper ones, thus tending to produce 
greater direct tensile stresses on the end-connection rivets. 

The maximum bending moment due to live load will be 
found for that position of loading in which the centre of 
gravity of the load is situated as far on one side of the centre 
of the beam as the point of maximum bendtt^ is on the 
other side, and a wheel load will always be fotmd over this 
point of maximiun bending. In the present case this 
point is found 14.2 feet from the left end of the stringer 
imder the second driver of the locomotive, as shown by 
Fig. 4- 
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The reaction at the left end of the stringer for this 
position of the loading is 43,800 pounds; the maximum 
bending mom^it is then found as follows: 

Jlf — 43,800X14.2— 10,000X13 — 20,000X5 —392,000 ft.-lbs. 
-4,704,000 in.-lbs. 

The dead-load bending moment at the same point may 
be taken equal to the maximum dead-load bending moment 
at the centre, and is foimd as follows : 

The track is assumed to weigh 400 poimds per linear 
foot, and both stringers and bracing 375 pounds per linear 
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foot. The weight per linear inch per stringer will then 
be 32.29 pounds, and the maximum moment 



3a.29X(35o)' 



'494,000 inch-pounds. 



The effective depth of the girder according to the speci- 
fications may be assumed at 30 inches, and since the allowed 
intensity of stress is 10,000 pounds per square inch, the 
required net section will be 



4,704,000 + 494,000 
30 X 10,000 



-17.3 square inches. 



This flange or chord area will be afforded by two aisles 
6X6XA inches, having a gross section of 13 square inches 
— 10.7 square inches net, and one cover-plate i4Xft inches, 
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having a gross section of 7.9 square inches =6.8 square 
inches net. Total 17.5 square inches net. 

Length of Cover-flaie. 

The length of the cover-plate will be detennined by 
assumii^ that the bending moment follows a parabolic 
law. If L represents the total length of the stringer, I the 
length of the cover-plate, A the total section of the flange, 
and a the total area of all the cover-plates counting from 
the outside and including the area of the one under con- 
sideration, then 

Insertii^ the requisite quantities in the formiila, 

/_ 39.3^-^ = 18.3 feet. 

At least 6 inches should be added to each end of the com- 
puted length of a cover-plate in which to place additional 
rivets, so that the plate may actually develop its full 
strei^h at the section where it is needed. The length 
of the cover-plate in this case will therefore be 19.3 feet. 

Web Plate. 

The maximum shear for both dead and live loads occurs 
at the end of the stringer. The live-load shear with the 
first driver at this point is 62,500 pounds. The dead- 
load shear is 5700 poimds, thus making the total shear 
68,300 pounds. The working shear in the web plate may 
be taken at 5000 pounds per square inch of gross section. 
The required cross-section will then be 13.6 square inches, 
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and the web plate taken will be 3a XA"- 14.0 square 
inches. According to the specifications, if the shearing stress 
exceeds i3,ooo/[i +(//''/3ooo)], intermediate stifEeners will 
be reqiiired. In the present case this formula has a 
value of i2,ooo/[i + (73-2*/3ooo)]-43io pounds per square 
inch; whereas the actual intensity of shear in the stringer 
is 5000 pounds per square inch at the ends, with a constantly 
decreasing value towards the centre of the stringer; no 
intermediate stiffeners will therefore be required. The 
end stifEeners cannot be subjected to a rational analysis; 
in the present case they will be composed of two 6 X6 X A 
inch angles, being chosen of such dimensions as to permit 
of making simple connections to the floor-beams. They 
are sometimes designed by requiring that their normal 
section must carry the end reaction with a certain specified 
unit stress (as 7000 pounds per square inch). In this 
case the normal section is 10. 13 inches, and it is ample 
for the purpose. 



Riveting. 

The followii^ rule will determine the pitch in the flanges 
of a girder, viz., the pitch of the riveting at any section 
of the flanges will be the quotient obtained by dividir^ 
the product of the vertical distance between the rows of 
riveting in the two flanges and the allowed stress in one 
rivet either for shear or bearing, by the maximum shear at 
the section. This rule is readily demonstrated by taking 
the dlfl erence between the bending moments at two adjacent 
rivets. 

In the present case the pitch at the ends of the stringer 
will be 

3oX(574oX8o%) _. , 

- ^o" - -a-i inches. 

OS, 900 
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At lo feet from the ends the dead-load shear will be 
1935 potrnds, and the maximum live-load shear, with the 
first driver over the section, will be 31,300 pounds. 

The pitch at this point will therefore be 

3oX(5740X8o%) 

31,300+1935 

The fiai^e rivets have thus far been considered to carry 
the direct horizontal stress only, but those in the upper 
flange must also carry as a vertical load the weight of the 
driving-wheels as they pass. One driver weighing 30,000 



-4.15 inches. 




B'l'^imiiiiiiii^iti 



pounds may be supposed to be distributed over three ties, 
or over a distance of 3 feet, assuming 6-inch spaces between 
ties 8 inches wide. The greatest effect in increasing the 
pitch will be found at the centre of the girder. At this 
point 9 rivets would approximately be required in a dis- 
tance of 3 feet, if the longitudinal stress alone existed; 
and 30,000/4593-4.4 rivets for the vertical load alone. 
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The prop er niimb er of rivets for this distance of 3 feet 
is then V^+4i7' - 10. It is seen that the effect of this 
vertical loading in increasing the ntimber of rivets is very 
small. The spacing finally adopted is shown in F^. 5; 
it varies from ij inches at the ends to 3 inches at the 
centre, and more than provides for vertical load efEect. 

Rivets in Cover-plates. 

The stress carried by the cover-plate will be 6.8 square 
inchesXio.ooo pounds-68,000 pounds. The permissible 
stress in the rivets will be determined for single shear, 
at 80 per cent, of 5410 pounds-4338 pounds per rivet. 
Sixteen rivets will be required. They will be placed in 
four rows with 3 inches pitch for a distance of 15 inches 
from the ends of the plate, and 6 inches pitch for the 
remaining distance. 

Rivets on End Connection. 

The rivets fastening the stringers to the floor-beam are 
field rivets, and therefore the allowed intensities of stress 
in them must be reduced one third. 

Two separate conditions affect the number of rivets at 
this end connection; first, the single shear on these rivets 
when one stringer has its maximum reaction, sind secondly, 
the bearing on the web of the floor-beam, when the com- 
bined reactions at the two stringer ends resting on the 
floor-beam have their maximimi value. For the first case, 
each rivet in single shear will carry S4ioX.8x§*2885 
pounds, and with a maximum end reaction of 68,300 pounds, 
there will be reqtiired 24 rivets; in the second case, assum- 
ii^ the thickness of the floor-beam web plate at A inch, 
the bearing capacity of one rivet will be 7380X.8X3- 
3930 pounds; the simultaneous maximum combined reac- 
ticms of the two stringers will be, for dead load 14,000 
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pounds, and for live load 84,000 pounds (see design of 
floor-beam for these reactions), or a total of 98.000 pounds; 
there will therefore be required 25 rivets. Thirteen rivets 
will however actually be placed in each 6X6 inch angle, 
making 36 rivets at this connection. 

The bill of material with the weights for one stringer, 
and one half the cross bracing, using that indicated in 
Fig. 5, for which no actual design will be made, may be 
written as follows: 

Lbs. per Ft. 

I webl^tejiXA" m).i feet long® 50.58— 1470 Itn. 

4angles6X6XA" " " " @ai.9 -»SSO " 

a cover-pUUa 14XA" ip-'S " " @i6.7S>-io6o " 

4eodni&eiien6x6xA" *■* " " ©17-3 — 178" 

4 filling plates 6x A" 1.6 " " ©11.48- 74 " 

ajbradng angles 3JX3JX A" 9-S " " @ »-i - S» " 

About 450 pain of j" tivet^teads. .@ aa.i Ibo. per 100 — mo " 

Total — 5581 " 

The acttial weight per foot of stringer is thus seen to be 
384 pounds, or 9 pounds per foot more than was assumed. 
This difference is so small as to require no correction in 
the design, but it is better to have the actual weight tmder 
rather than over that assumed. 

Intermediate Floor-beams. 

The maximimi live-load floor-beam reaction occurs 
when wheel 5 is placed directly over the floor-beam. Wheels 
I to 4 will then be on one adjoining stringer and wheels 5 to 
9 on the other, making the resulting reaction 84,000 pounds. 

Assuming the dead weight of the Jloor-beam to be 300 
pounds per linear foot, the dead-load reaction will become: 

Dead weight of one stringer —11,300 pounds. 
Dead weight of ^ floor-beam » 3,700 " 

14,000 pounds. 
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The sum of the dead- and live-load reactions will then 
be 98,000 pounds. 

The stringers are spaced 7 feet 6 inches apart, and 
since the distance between trusses is 18 feet, the stringer 
is distant 63 inches from the centre line of the truss. 
Therefore the maximum bending of the floor-beam will be 
98,000X63-6,170,000 inch-pounds. Assuming an effect- 
ive depth of 43 inches, the flange area required will be 
6,170,000/43X10,000 = 14.69 square inches. This section 
will be composed of 2 angles, 6X4XI inches — 9.6 square 
inches gross = 8.6 square inches net; i cover-plate 14XJ 
inches-7.0 square inches gross = 6.o sqxiare inches net. 
Total, 14.6 square inches net. 

The cover-plate should have the following length: 

/ — iSvl — 7 — ii.s feet; 
^ 14.6 ^ 

owing to the details at the ends of the floor-beam tiie upper 
cover-plate will have a length of la feet 7 inches and the 
lower a length of 14 feet 9 inches. 

On account of the large number of rivets made necessary 
at the end connection of the floor-beam, and the consequent 
wealffining of the plate, the assumed intensity of shearing 
stress for the web has been taken at 4000 pounds per 
square inch of gross section. The area required will there- 
fore be 98,000/4000-24.5 square inches, and a plate 43 X A 
inches-a4.2 square inches will fulfil the requirements. 
No intermediate stiffeners will be required, as the end 
connections of the stringers render end stiffeners unneces- 
sary. The distance from back to back of the flange angles 
will be 43i inches. At the connectiqn of the floor-beam 
to tiie post, a considerable portion of the web plate must 
be removed in order to leave room for the heads of the 
lower-chord eye-bars. It is therefore customary to cut 
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the web plate at some distance from the end, and to splice 
to it another plate of iiT^ular shape having an equal cross- 
sectional area. The general detail drawing, Plate II, 
illustrates the method adopted in l^e present case. The 
central portion of the web is lo feet 12 inches long and 
spliced to it at each end by means of two A-inch plates, 
placed over }-inch fillers, is another plate designated on 
the figure as "web 34 inches X A inch x 6 feet 3 inches 
long." To this end web plate are fastened the end stiff eners 
formed of two 6X3iXAinch angles. The end stiftener 
must be divided into an upper and lower part in order to 
allow the upper flange of the floor-beam to abut against 
the post. The lower portion of the .end web plate will 
be cut away with rounded edges, to the form required by 
the disposition of the eye-bars, all floor-beams being made 
alike to conform to that post in which the greatest clear- 
ance is required. This edge will be protected by two angles 
3jX3jXi inches, and 3 feet 6 inches long. The lower 
flange of the floor-beam will be connected to the foot of 
the post by a flat plate riveted to both, to provide against 
swaying, and to form part of the lower lateral wind system. 



Riveting. 

Instead of employing the rule used in finding the pitch 
of the rivets in the flanges of the strii^ers, it will be better 
to divide the amount of stress in the flanges of these beams 
between the post connection and the stringer connection, 
by the allowed stress capacity of one rivet; the quotient 
will detennine the number of rivets between these two 
points, PcM' example: 

146,000 
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These are easily provided for in the lower flange, but a pair 
of supplementary angles 6 X 3 i X A inches and 3 feet 1 J inches 
long must be fastened to the upper flange at its ends in 
order to provide for the requi^te rivets to transfer the 
stress from the web plate to the flanges. The rivet design 
of this end connection is not very precise. The rivets 
piercing the sphced central portion of the web plate of 
the floor-beam really aid in carrying the stress through 
the splice-plate to the flanges. It is essential that all 
parts at this point shall be firmly and r^dly tied together. 
The pitch in the central porticai of the beam will be 6 inches. 
The number of rivets necessary on each side of the 
splice will be 

98.000 
738oX.8"^'' 

and they will be placed in two rows, as shown in Plate II. 

At least the same number of rivets will be necessary to 
fasten the end stiff eners to the web plate; but since 17 
rivets cannot be placed in one row, the two rows shown 
OD the plate will be inserted, evep though all those there 
shown are not necessary. The resulting surplus may be 
considered as compensating for the tendency to pull on 
the rivet-heads, due to the deflection of the loaded beam. 

The end stiffeners are connected to the post by field 
rivets. The thickness of the web of the post is three 
eighths inch, but this thickness will be increased by a ' 
diaphragm which will later be inserted between the channel 
webs, so that the single shear of the rivets determines their 
number. 

The rivets reqiiired will therefore be [98,ooo/(54ioX 
.8Xi)]-34. 

The rivets in the cover-plate will be pitched 3 inches 
for a distance of 15 inches from the ends of the cover-plate, 
and 6 inches for the remaining distance. 
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A small angle bracket consisting of a 3^X3^X1 inch 
angle, i foot } inch long, wiU be riveted to the floor-beam 
to form a seat for the ends of the stringer during erection. 
This bracket is used for temporary convenience only, and 
is not supposed to carry any stress after erection. 

It is sometimes customary, if web plates have no splices, 
to take one sixth [or sometimes. (Hie eighth] of the web 
section as acting in either flat^. If no rivet-holes were 
punched for the stifCeners, this method would be allowable. 
But such rivet-holes frequently take out ccmsiderable 
metal, and as the tension side of the plate only is affected, 
one sixth of the remaining metal ceases to be a. proper pro- 
portion. On the whole, therefore, it is better to neglect 
the bending resistance of the web, and allow it to balance, 
so far as it may, the effect of the rivet-holes being out of 
the centre of gravity of the flange angles. 

The bill of material and the weight of the floor-beam 
is given in the following table: 



1 web plate 43XA" 

a " platea 94XA" 

i Hinge »n^6X4X(" 

I covcT'pUte 14X i" 

4 end ftiSeiiii% angle* 6X 3lX A" 

4 •• «len6xA"- 

4 '■ finishing angles 3tX3)X|" 

4 splice-pUto nXft" 

4 filling plates 30X1" 

4 upper flange, end angles 6X3IX A" ■' 

4 " '■ filleraCXi" 

3lXA" 



r4 
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Axr. 13.J SPECIFICATIONS FOR LATERAL AND WIND BRAaNC. 31? 

The assumed weight is 5400 pounds, i.e., greater than 
the actual, as it should be. 



Art. 13.— SpedflcafitHit for Lateral and Wind Bndng, 

The following specifications apply to the bracing: 

( JO. AUovued unit stress, in tension, for longitudinal, 
lateral, and sway bracing for wind and live-load stresses -= 
18,000 pounds per square inch. 

i jt. Angles subject to direct tension must be connected 
by both legs, or the section of one leg only will be considered 
as effective. 

i 33. Allowed unit stress, in compression, for lateral 
struts and rigid bracing =-P = 13,000 — yo l/r for wind stresses, 
vMere P, I, and r have the same meaning as previously. No 
compression member, however, shall have a length exceeding 
125 times its least radius of gyration. Lateral struts, with 
adjustable bracing, will be proportioned by the above formula 
to resist the maximum dtte either to the wind and load or to 
an assumed initial stress of 10,000 pounds per square inch 
on all the rods attacked to them, 

i J5. Members subject to alternate stresses of tension and 
compression shall be proportioned to resist each kind of 
stress. Both of the stresses shall however be considered as 
increased by an amount equal to eight tenths of the least of 
the two s^esses, for determining the sectional area by the 
above allowed unit stresses. 

i 3J. The rivets in the lateral and sway bracing will be 
allowed 50 per cent, increase over tisual allowed unit stresses. 

i Q4. Where rods are used in the lateral, longitudinal, or 
sway bracing, they shall be square bars, but in no case shall 
they have a less area than one square inch. Rods with bent 
eyes must not be used. 

% P5. All trough bridges shall have latticed portals, of 
approved design, at each end of the span, connected rigidly 
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to tks end posts and top chords. They shall be as deep as the 
specified head room ivill allow. 

S q6. Where the height of the trusses exceeds 25 feet, an 
approved system of overhead diagonal bracings shall be attached 
to each post, and to the lop lateral struts. 

i P7. AU bars and rods in the web, lateral, longitudinal, or 
sway systems must be securely clamped at their intersections 
to prevent sagging and rattling. 

Art 14.— DedgD of Upper Lon^todinal WJnd Biadns. 

The tension members will be formed of angles connected 
by both legs, so that the full area will become available. ' 
TTie following table shows clearly the method of design, 
the allowable unit stress being 18,000 pounds per square inch- 



Am 



Section Adopted. 



I^ST 



v,u. 



+13.700 
+ 14.300 
+ 4.7«> 



-34X3lXA"an8le 
".I T^i" " 



These members are connected to the upper chord by 
J-inch gusset-plates. The bearing capacity of one machine- 
driven rivet in this thickness of plate will therefore be 
4920X150 percent. =7380 pounds, and this quantity deter- 
mines the number of rivets required at the end connections 
as given in column 7, although all the connections will be 
made uniform with six rivets. The compression members 
at right angles to the axis of the bridge are not designed 
by any exact theory. They will be formed either of cross 
frames or struts, as indicated on the stress sheet, and they 
are more than ample in section to stistain the direct com- 
pressive stresses there indicated ; in fact, since tiieir main 
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duty is to stiffen the structure and to cause the two trusses 
to act as a whole, they are made as r^d as the judgment 
of the engineer requires. The portal bracing is deseed 
in a somewhat similar way, although tested by computa- 
tions in its various parts. 

The struts will be placed at those points, [/« and Ut 
where the upper chord is continued in a stra^ht line, and 
where there are no inclined web members. They will 
be composed of foiu- angles, each 3iX34XA inches, built 
in I form with double lattice bars ajxf inches, and con- 
nected to two gusset-plates, one lyii^ on top of the cover- 
plate of the upper chord and the ot^er &stened to tiie 
bottom angle of the upper chord. 

The cross frames will be placed at all the other panel 
points. They will be formed of an upper strut, like that 
just described, and a lower strut placed at the upper clear- 
ance limit and formed of four angles each 34 XaiX A inches, 
latticed together in I form by bars 3 i x A inches. The lower 
strut will be fastened to the post by means of a A-inch 
gusset-plate lying between two 3iX3XA inch angles, 
two feet long, the latter being riveted to the centre of the 
posts by twelve rivets. Between the two I struts will then 
be placed a compound lattice-work composed of single 
3iX3iXA inch angles tied together at intersections by 
small square plates with five rivets at each crossing and 
fastened to the struts by A-inch giisset-plates, the details 
of which are shown in Plate II. The cross frames are really 
the intermediate transverse bracing, the theory of whose 
design woidd be determinate if it were not the duty of the 
upper horizontal lateral bracii^ to transfer all the wind 
load to the upper ends of the end posts. It is possible to 
design the cross frames by ignoring this upper wind bracing. 
Their main function, however, is to stiffen the bridge under 
rapidly moving train loads, rather than to give additional 
stability against wind loads. 
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Art 15. — DarifD of Portal Bradng. 

The portal bracing will be made as rigid as possible and 
will take the form of a latticed girder placed in the plane 
of the pins of the end posts, as shown in outline on the 
stress sheet. The upper apd lower flanges will be made 
alike of two 6X4X} inch angles with a i4X}inch web 
plate. The two flanges will be tied together by a com- 
pound latticing composed of single 5X3^x1 inch angles. 
The upper flange will be fastened to the cover-plate of the 
top chord, U1V3, by means of a bent gusset-plate, as shown 
in Plate II; the lower flange will be fastened to the side 
plate of the end post in a manner similar to that of the cross 
frames. The lower flange will, moreover, be strengthened 



1- 



Fro. 6. 

at each end comiection by means of a plate and angle bracket, 
composed of a |-inch plate and 3iX3iX| inch angles, as 
shown in Plate II. The outer end of the bracket will be 
supported from -Uie latticii^ of the portal frame by a 
single 3iX2iX| inch angle. 

The wind force acting at the upper end of the end post 
is 29,700 pounds. The length of the end post is 46.3 feet 
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and the distance between tnisses i8 feet. The increase of 

load on one truss, which acts as if hung at the connection 

point of the lower flange of the portal, -will therefore be 

76,500 pounds. The multiple bracing employed produces 

ambiguity in the stresses of the portal members. If the 

assumption be made, as shown in the accompanying figure, 

that the multiple bracing is replaced by a single tension-bar, 

and that the wind reaction is entirely resisted at the foot 

of the leeward post, the stress in the lower flange will be: 

76,500X18 . , ■ m, „ , 

— TTTl — — 8a,2oo pounds compression. The allowed 

intensity of stress is P= 13,000— 7o//r, in which / — ai6 
inches and r may be taken approximately as 3 inches. 
Then F — 8000 poimds per square inch, approximately, 

and the sectional area required will be ~ — — 10.4 square 

inches. 

The actual area will be: 

a 6X4X} inch angles — 7.33 square inches. 
I 14 X I inch plate "5-35 " 

12.47 " 

The section adopted is therefore sufficient. 

The stress in the upper flange may be taken to be equal 
to the wind reaction transmitted from one truss to the 
other; its section, although so taken, need not be as great 
as that of the lower flange. 



Art 16. — ^Dedgn of Lower Loogitadiiul 'Wind Bradng. 

Although the inclined web members in this horizontal 
truss may suffer apparently reversal of stress, it must be 
remembw^ that the two systems of bracii^ provide for 
opposite directions of the wind without such reversal. 
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The specificaticms in r^ard to reversal of stresses do not 
therefore become operative. If it be assumed that the 
inclined web members act in compression, they must be 
designed with the prescribed unit compressive stresses. 
As they are fastened at two points to the stringers and 
at the centre to each other, it may be proper also to assume 
the effective length of a member to be the distance from 
its end to the point of intersection with the centre line of 
the stringer, i.e.,_ in this case about 120 inches. These 
members will be formed of two uneqiial legged angles, 
with the longer legs vertical and riveted bade to back. 
The following table shows the sections adopted : 



Vem- 
ber. 


SB. 


IS 


Unit 

"a. 


^ 


Adopted. 


m 


M. 


iA 


71,600 


1.S6 


J610 




SX4Xft" 


Vi 




i.'-. 


59,200 


156 


J6.0 


7.8 


.. X,,. 




Si. 




1.S6 


,6,0 


t% 


„ y.1,. 






V-, 


JX 


1.S6 


7610 


., xi" 






;.,t, 


1-33 


6,7= 


it 


4X4X1" 


S-7 




L^ 


»7,S<» 


i»3 


6>7o 




S-7 


* 



It will be seen that the sections adopted for the panels 
near the centre of span are greater than actually needed; 
but since a portion of the duty of these members is to 
stiffen the structure under rapidly moving loads their 
section may properly be greater than required by the 
computed stresses. 

The connection of these members to the posts is made by 
a flat plate ) inch thick, which in turn is fastened to the 
foot of the post by 3iX3jX| inch angles, as shown in 
Plate 11. The amount of stress which these angles must 
carry to the plate is the difference of wind stresses found 
in the two adjacent lower chord panels which has a maxi- 
mum value of 323,000 — 132,000 — 100,000 pounds at the 
foot of UiLi. 
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The specifications for wind-bracing rivetii^ show the 
single shearing capacity of one rivet to be 5410X150 per 
cent. X 1 = 5410 pounds, and the bearing capacity in a 
J-inch thidmess of metal to be 4920X150 per cent. X3- 
4920 pounds. At the foot of UiLi there will therefore be 



4920 

the post do not afford space for all these rivets, a U-shaped 
plate will be riveted within the post, which will permit 
placing the required number of rivets. At the foot of 
U2L3, the maximum stresses carried by the plate will be 
78,000 pounds, and will require 16 rivets. At the foot of 
ViLi the stress will be 56,000 pounds, and 12 rivets are 
required. Plate II shows the disposition of these rivets 
in the angles. The number of rivets connecting the ends 
of the lateral bracing to the plate, as given in coltunn 8 
of the above table, was found in the same way as for the 
upper chord. 

The lower flanges of the floor-beams act as struts in the 
lower lateral system. The i-inch plate which is used as a 
connection at the foot of the posts is sufficiently extended 
to be firmly riveted to the lower flange of the beam. The 
nimiber of rivets necessary may be determined by assimi- 
ing that the plate transmits to the floor-beam that com- 
ponent of the stress in the inclined lateral members which 
acts in a direction at right angles to the axis of the chords. 

Art. 17.— Design of Bedplates, Friction-roUen, and Pedestals. 

S 100. All bedplates must be of such dimensions that the 
greatest pressure upon the masonry shall not exceed 250 
pounds per square inch. 

5 loi. All bridges over ys feet span shall have at one end 
nests of turned friction-rollers running between planed sur- 
faces. These rollers shall not be less than 2\ inches diameter 
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for spans loo feet or less, and for greater spans this diameter 
shaU be increased in proportion of i inch for loo feet addi- 
tional. 

The rollers shall be so proportioned that the pressure 
per linear int^ shall not exceed the product of the diameter 
in inches by 300 pounds. 

S 104. Pedestals shaU be made of riveted plates and 
angles. All bearing Surfaces of the base-plates and vertical 
w^s must be planed. The vertical webs mttst be secured to 
the web by angles having two rows of rivets in the vertical legs. 
No base-plate or web connecting angle shall be less in thick- 
ness titan } inch. The vertical webs shall he of sufficient 
height, and must contain material and rivets enough to prac' 
ticcUly distribute the loads over the bearings or rollers. 

Where the size of the pedestal permits the vertical webs 
must be rigidly connected transversely. 

i 105. All the bedplates and bearings under fixed and 
movcdjle ends must be fox bolted to the masonry; for trusses, 
these bolts must not be less than /J inches diameter. 

The dead-load reaction at the base-plate is 335,000 

pounds and the live load 420,000 pounds, a total of 

.» , . ■„ . 74S.000 

745,000 pounds. The masonry bearing will be ^-~ — — 

29S0 square inches. The diameter of the rollers according 

100 

but since it is better practice to build s^:mental rollers the 
diameter of these rollers may be talren at 8 inches. Assum- 
ing then that eight rollers will furnish a proper form of 
distribution, the nimiber of linear inches of length per 

74.e 000 
roller required will be ^^j-^ — ^To "3*'-9 inches; the roclrers 
O X 300 X 8 

will therefore be 8 in number, 8 inches high, 5 inches wide, 
and 4 feet 5 inches long, rolling on a base plate li inches 
thick, 4 feet s inches X 5 feet 6 inches in area. A i^inch 
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plate, 50 inches X 4 feet 6 inches, placed over the rockers 
will form the seat or bedplate for the pedestal proper. 
Both base-plate and bedplate will have riveted to them, 
so placed as to be directly below the centre of the end 
post, a flat bar, 3\ inches X | inch X 4 feet 2 inches long, 
made to fit corresponding grooves turned in the rockers 
to prevent all lateral motion of the rockers or pedestal. 
The rollers will be fastened ijgidly together in their proper 
positions with j-inch clear spacing by a |-inch strap on 
each side 2 feet 3 inches long secured to the axis of each 
roller by a nut. 

The pedestal must distribute uniformly to the shoe 
or bedplate the vertical load carried by the pin at the foot 
of the end post. For this reason it should be made deep 
enough to prevent appreciable deflection, but not so deep 
as to cause a tendency to buclde the side-plates. A com- 
pletely rational design for a pedestal is practically impos- 
sible. It is treated in some cases as a short plate girder 
uniformly supported along the bottom and carrying a 
concentrated load at its centre. It is more usual to select 
some tried form of pedestal and adapt it for use in accord- 
ance with good ju<%ment ; this will be done in the present 
case. The side-plates of the pedestal supportii^ the end 
pin must first be considered. The diameter of this pin 
should therefore be known, and in this instance may b? 
assumed to be 7 inches. With an allowable bearing pres- 
sure of 15,000 poimds per square inch, the total thickness 
of the side-plates for one half of one pedestal will be 
745,ooo/2-i-(i5,oooX7) -3.5s inches. If the main side- 
plates are fastened between two 6X6Xi inch angles, 
i filling-plates will be reqiured above the angles. In 
addition to these two J-inch plates there will then be 
needed two H-inch plates and one J-inch plate, giving a 
total thickness of 3I inches. An additional plate A inch 
thick, called a lap-plate, projecting upward within the 
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end post, will be fastened to the inside of these plates. 
The riveting of these connections is clearly shown in Plate II. 
It will be seen that a A-inch cover-plate and twosiXjiXf 
iiK:h angles are added to the upper edges of the pedestal 
in order to make it conform in finished appearance to the 
end post. 

The pedestal at the fixed end of the truss will be exactly 
similar to the one above described, but the rollers will be 
dispensed with and the differ^ice in he^ht will be provided 
for in the pedestal itself. 

The base-plate, as shown in the f^ure, will be r^dly 
secured to the masonry by i^-inch anchor-bolts 2 feet long. 
On the outer side of the rollers, a dust^uard of two angles 
and a plate built in Z shape will be connected to the anchor- 
bolts. 

Art. 18. — Design of End Floor-beun. 

The end floor-beam, which is fastened to the shoe-plate 
and which carries not only the end stringers, but also the 
diort cantilever-brackets supporting the track from the 
abutment itself to the end strii^er, still remains to be 
designed. 

The end shear of this floor-beam will be the live-load 
shear of a sii^le stringer, 62,500 pounds, tc^ether with an 
estimated dead-load shear of 7500 pounds, or a total of 
70,000 potmds. The maximum moment will then be 
70,000 pounds X 63 inches =-4,440,000 inch-pounds. Assum- 
ii^ the effective depth of girder to be 54 inches, the required 
sectional area of one flange will be 8.15 square inches, and 
it may be composed of two angles 6X4XJ inch with a 
gross section of 9.6 square inches and a net section of 
8.6 square inches. 

The web win be a ss}Xi inch plate with an area of 
90.9 square inches. Allowing a compressive intensity^ 
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of stress of 8000 poiinds per square inch in the end stiSeners, 
the area required will be 8.75 square inches. Two 6X4XJ 
inch angles having an area of 9.5 square inches will be used, 
with fillers. 

The end floor-beam rests on and is riveted to a hori- 
zontal J-inch plate, which in turn is solidly united to the 
shoe-plate. To prevent lateral deflection, the upper flange 
of this floor-beam is tied to the end post by means of a 
horizontal bent plate, and in addition a vertical triangular- 
shaped plate is fastened to the end stifEeners and to the 
shoe-plates, as shown clearly by Plate II. The plane of 
the lower lateral bracing does not coincide with the plane 
of the shoe-plate, and to provide a proper connection, two 
6 X4 X J inch angles are riveted to the web of the floor-beam 
at the proper elevation. 

The end-stringef bracket is also shown in sufiicient de- 
tail in Plate II. The floor-beam is slotted in order to allow 
the tie-plate formii^ the cover-plate of the bracket to pass 
through it. This tie-plate is riveted to the upper flange 
of the adjacent intermediate stringer, to relieve as much 
as possible the direct stress of tension which may come 
upon the rivet-heads connecting the bracket to the floor- 
beam. 



Art. 19. — Dedgn of Pins and Joint Details, 

§ 38. Pins shall be proportioned so that the shearing stress 
shall not exceed gooo pounds per square inch; nor the crush- 
ing stress on the projected area of the semi-intrados of any 
member {other than forged eye-bars, see § 80) connected to 
the pin be greater per square inch than 15,000 pounds; nor 
the bejiding stress exceed iS,ooo pounds, when the applied 
forces are considered as uniformly distributed over the middle 
half of the bearing of each member. 

i y8. The lower chord shall be packed as narrow as possible. 
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i 80. The diatneter of the pin shall not be less than } 
the largest dimension of any eye-bar attached to it* The 
several members attaching to the pin shall be so packed as to 
produce the least bending moment upon the pin, and all 
vacant spaces must be filled with wrought filling rings. 

§ 88. Where necessary, pinholes shall be reinforced by 
plates, some of which must be of the full width of the member, 
so that the allowed pressure on the pins shall not be exceeded, 
and so that the stresses shall be properly distributed over 
the full cross-section of the members. These reinforcing 
plates must contain enough rivets to transfer their proportion 
of the bearing pressure, and at least one plate on each side 
shall extend not less than 6 inches beyond the edge of the 
bottom plates {§ S7). 

{ S7. The open sides of all compression members shall 
be stayed by batten plates at the ends. . . . The batten plates 
must be placed as near the ends as practicable, and shall 
have a length not less than the greatest width of the member, 
or r} times its least width. 

S 8g. Where the ends of compression members are forked 
to connect to the pins, the aggregate compressive strength of 
these forked ends must equal the compressive strength of 
the body of the members. 



In addition to these direct specifications the following 
may be noted: 

§ 60. In compression members, abutting joints with 

* The follomng anslysii furnishes the fbund&tlon for this spedficatjon. If 
the width of ao eye-bar be represented by td, and the depth by k (the thicknem 
of the luad is taken the same as that of the bar), and ii T be the permissible ir- 
lenaty of tensile stress, the total streaa carried by the bar will be iv-Ji- 7*. If 
the diameter of the pin be lepreaented by d and C be the penniaaUe bearing 
intensil7 of itien on the {hr, then d-w-C will represent the beaiiog allowed on 
the pin. Ilie t¥ro quantities vi-k-T and d-w-C abould be equal; if the ratia 
of C/T be taken at 4/3, then wkT-dwC and J-jM- 
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pUmed faces must be sufficiently spliced to maintain the 
parts accurately in contact against all tendencies to dis- 
placement. 

{ 61. In compression members, abutting joints with 
UHtooled faces must be fully spliced, as no reliance will be 
placed on suck abutting joints. . . . 



The bending in pins and the allowed bearing of the 
plates on pins are peculiarly related; the Isirger the 
diameter of the pin, the narrower are the necessary bearii^ 
surfaces and consequently the smaller are the bending 
moments. If the diameter of the pin be decreased, the 
bearing surfaces must be increased in width. In that 
case the bending moments are increased and the pin 
diameter may have to be increased. It will usually be 
impossible to obtain an economical balance for these 
conflicting conditions throughout the truss without many 
diiierent sizes of pin. It is therefore customary to fix upon 
one size of pin for the lower chord, and another smaller 
one for the upper chord, then test them lor bending and 
design the bearing surfaces to correspond with the diameters 
so chosen. The packing or arranging of the eye-bars must 
be so chosen as to reduce the bending to a safe minimum. 
. Specification 5 80 at once fixes a minimum limit for 
the size of the lower chord pins and also of the pins at the 
upper extremity of the end post at 6 inches ; and the pins 
in the upper chord at 5 J inches. The sizes tentatively 
assumed will be 7 inches for the first set of pins and 6 inches 
for the latter. The bearings of the various members for 
these sizes of pins are then designed, and then all the 
members at any one point so packed as to produce the least 
practicable bending moment. The "play" or spacing 
allowed in packing eye-bar heads may sometimes be tsikea 
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as small as A inch to allow for slight imperfections in 
manufactxire, but it is usually taken as J inch for each 
eye-bar head. This amount may be increased to meet 
the requirements of any special case. The clear distance 
between built members such as chords or posts is usually 
greater; it may be taken as high as i inch. It will be 
foimd necessary at some connecting points to cut away 
parts of the flanges of channels or angles in built-up members 
on accoimt of the interference of inclined members. If 
this must be done, the remaining part of the member must 
always be' tested by computation as to its strength, con- 
sidering it as a short piece in compression. In most cases 
the usual pin-bearing plates are sufficient to replace the 
metal cut away. The following formula has been much 
used for the purpose of designing such forked portions 
of the ends of posts: 

P I 

in which t represraits the total thickness of metal whose 
width is fe ; F the total load on one jaw of the post (usually 
one half the total load carried by the post or column) 
and / the distance from the centre of the pinhole to the 
last centre line of rivets in the body of the colimin back 
of the cut in the angle or in the flange o£ the channel. 
This formiUa is applicable to steel wilji ultimate tensile 
resistance running from 60,000 to 68,000 pounds per square 
inch. For higher steel, or for highway bridges, or for 
other structures where less maipn of safety may be justi-' 
Sable, the value of t may be made correspondingly less 
than given by eq. (i). 
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Pin-plates in Posts. 

The posts at their lower extremities carry to the pins 
not only their maximtiin stresses as members of the truss, 
but also the compression due to their acting as supporting 
struts for the floor-beams. It is possible and it should be 
assimied that the maximum post stress and the greatest 
panel load occur together. In the present case this re- 
qiiires that the lower ends of the posts be reinforced with 
sufGcient thickness of bearing plates to carry 98,000 pounds 
in addition to the stresses taken from the stress sheet 
(Plate I). In order that this floor-beam load may be dis- 
tributed uniformly to the pin by both jaws of the column, 
it is necessary that the two sides of the post be riveted 
firmly together to act as a whole ; otherwise the inside jaw 
will carry the greater portion of the load. This is usually 
accomplished by inserting between the two parts of the 
column, at the end of the floor-beam, a diaphragm which 
acts as a continuation of the web plate of the beam. This 
diaphragm will be composed of a J-inch plate riveted 
between foiu- 4 X 3 X i inch angles. The method of fastening 
is clearly shown in Plate II. 

Member LiUi — Lower End. 

This member needs to be fastened at its lower end 
only to increase the general stiffness of the structiu"e, since 
it is simply a hanger to carry load to the upper panel point. 
The U-shaped plate to which the lower lateral bracing is 
attached furnishes inside pin-plates, but in addition two 
J-inch plates will be fastened to the outside extending 
upward to the bottom of the floor-beam, so that the latter 
may have support during erection. 
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Member LtUi—Upper End. 

A i-inch plate, bearing on a 7-iach pin, may carry 
105,000 pounds. The load to be carried at this point is 
117,000 pounds; therefore 1.13 inch total width of bearing 
will be required. As the webs of the channel are each 
0.375 inch thick, ihe thickness of pin-plate required would 
be 0.37 inch, but since the net section of the channels 
is reduced by the diameter of the pin, it will be advisable 
to use two |-inch pin-plates, especially as the vertical 
distance from the top of the pin to the upper extremity of 
the channels is but 6 inches. The net section through 
this point should not be less than two thirds of the transverse 
net section, and the }-inch pin-plates chosen will satisfy 
the condition. 

Since the allowable stress in the main section is 6000 
pounds per square inch, each pin-plate may be supposed 
to carry 15x1x6000-56,300 pounds, and as the rivet 
bearing in a |-inch plate is 4930 pounds, twelve rivets will 
be required. 

Member t/^Lj — Lower Etid. 

The sum of the dead and live loads carried at this point, 
together with the floor-beam load of 98,000 pounds, may 
produce a total load of 357,000 pounds, or 178,500 pounds 
on each jaw of the post resting on a 7-inch pin. A total 

thickness of -- ■ - - 1.7 inches will therefore be required. 

A f-inch inside, and a f-inch outside pin-plate, together 
with the A'inch main plate, give a thickness of 1.81 inches, 
and will prove satisfactory. 

Since the bearing value for one rivet in a A-inch plate 
is 7380 poimds, or less than the double shear value, the 
former quantity will determine the niunber of rivets. It 
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may be assumed that the total stresses carried by the 
different plates are proportional to their thickness ; there- 
fore (f + i)-i-iA-69 per cent, of the total stress must be 
transferred by rivets from the main plate to the pin-plates. 
In this case 0.69X178,500 = 133,000 poimds; therefore at 
least seventeen rivets will be required; Plate II shows the 
arrangenaent of plates and rivets. 

Member U^La — Upper End. 

The 6-inch pin at this point will carry a bearing pressure 
of 90,000 poimds per inch width of plate, the load on each 
jaw of this post being 129,500 potmds. 1.44 inches thick- 
ness of bearing will be required, and this thickness will be 
afforded by the A-inch main plate, with a A-inoh outside 
and a J-inch inside pin-plate. The bearing value of one 
rivet in a A-inch plate is 7380 poimds, and the rivets transfer 
63 per cent, of 129,500—81,500 pounds, to the pin-plates, 
hence the required number will be 11. Plate II shows 
the arrangement adopted. 

Member UtLt — Lower End. 

The load carried by one jaw resting on the 7-inch pin, 
including the floor-beam load, will be 101,500 pounds, 
and the thickness required will be iH4H = °-97 inch. A 
|-inch pin-plate in addition to the |-inch web of the channel 
will therefore suffice. The stress transferred to the pin- 
plate will be 63,500 pounds, and as the bearing value of one 
rivet in a |-inch plate is 4920 pounds, thirteen rivets will 
be required. 

Member U»Ls — Upper End, 

The thickness of plates for one jaw bearing on a 6-inch 
pin will be -HISX -0.58 inch. A ^-inch pin-plate will be 
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riveted to the outside of the channel and the ntunber of 
rivets required will be 6. 

It will not be necessary to repeat these operations in 
detail for the other posts of tins truss, the method of 
design being precisely the same as those already given, 

Alt. 30. — Design of Pin Connections of Upper Chord Hemben. 

As the joint of two adjoining upper chord members 
havii^ different inclinations is always at the angle in the 
chord with its plane passing through the axis of the pin, 
it is usually made abutting and riveted so as to make 
the chord continuous. This makes the chord stiffer than 
if the joints were pin-bearing. It has become almost 
the invariable practice, however, to make the joint at 
the top of the end post an open pin-bearing one. Since 
all abutting faces will be planed, specification § 60 requires 
no splice-plates except those sufficient to prevent dis- 
placement. The only stress transferred from a pin to a 
chord member will then be the resultant, in the direction 
of the chord member, of the maximum stresses in the 
web members meeting at that point, i.e., the increment of 
stress. Sufficient pin-bearing area must be provided to 
carry this increment of stress," 

The joint for adjoining chord members whose axes are in 
the same straight Une is never made at a pin, but at some 
distance from it, on that side away from the centre. This 
procedure is adopted for convenience in erection, which 
usually proceeds from the centre towards the ends. This 
joint is placed as near the pin as practicable, and in a chord 
20 inches deep, it is usual to have three rows of rivets in 
the splice-plate on each side of the joint; for splices in 
chords 24 to 30 inches deep four rows are usually inserted. 
At such a joint a batten plate on the bottom and a short 
cover-plate on top are used to strer^hen the splice. 
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It has already been noted that the axes of the pins have 
been placed 14^ inches below the edge of the cover-plate, 
or 0.7 inch below the centre of gravity of the chord section. 
Tliis tends in some degree to neutralize the flexitre due 
to own weight by the counterflexure introduced by the 
increment of chord stress. 

In the bridge under consideration no joint will be 
made at panel points C/4 and Ug; the members UaUtUs 
and UsUtUi will each be made in single pieces about 59 
feet long, which is entirely practicable. The supporting 
struts which frame into these members at their centre 
points are connected by means of angles, as shown in 
Plate II. The joint for U3 is made a feet 4^ inches away 
from the centre of (/a and A-inch splice-plates will be 
riveted on the inside of the side-plates of the chord, with 
four rows of rivets on each side of the joint. A J-inch 
filler is necessary to allow for the difference in thickness of 
plates in the two chord members. The i-inch outside 
plate will be continued to cover the joint. 

The maximum increment of stress in UaUz given by 
the web member at U2 is 140,000 pounds, or 70,000 pounds 
for each jaw. The 6-inch pin can transfer this stress 
to the W-inch side-plate, but for increased stiffness and 
solidity a i-inch plate with §-inch filler will be riveted on 
the outside of each jaw. As may be observed, all con- 
nections are made so strong that a member should fail 
rather in its body than at its end connections. 

Connection at t/3. 

The maximum increment of stress for the member 
UiUt at panel Uz in the direction of the axis of UaU^ may 
be found graphically from the stresses in the web members 
to be 300,000 pounds. The thickness of each jaw bearing 
on a 6-inch pin must then be at least i.i inches. It will 
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be seen in F^. 7 that besides the A-inch filler-plate and 
the }-incb lap-plate, a ]-inch inside and a }-inch outside 
pin-plate have been tised. This is more than the com- 
putations require, but not more than desirable for the 
stiffness of the continuous upper chord. 

Plates corresponding to those riveted to UsUt are 
fastened to U2U) at Ut- The outside edges of the main 
side-plates of adjacent members should always be in line. 
In this truss the uniform distance from back to back of 



Fic. 7. 

these plates is 23 inches. The abutting pieces at i/j are 
shown in Fig. 7. 

The stress carried by each plate will be determined by 
multiplying its thickness in inches by the allowed bearing 
of a i-inch plate on a 6-inch pin, and this quantity deter- 
mines the number of rivets required in each plate. These 
rivets must be designed not only for single shear for each 
separate plate, but also for the combined bearing of the 
outside plates on the main inside web plate. Where field 
rivets are used their stress value is only two thirds that of 
shop rivets. 

If the thickness of pin-plates is large, considerable 
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bending, indet^minate in amount, may take place in the 
rivets, and it is proper on this account to add more rivets 
than those actually required by computation. Moreover, 
since the cover-plate and top angles of the chord section 
receive their stress cumulatively, the pin-plates which 
transfer a part of the stress to them should be made long 
enough to enable this stress to be transferred directly, 
instead of first passing throt^h the main web plate. 

Since there is thus a certain amount of indetermination 
in the transmission of stress in an abutting joint, such a 
joint is not designed strictly according to computations, 
but more or less according to experience tempered by the 
engineer's judgment. The design adopted must, however, 
always be tested by some method of analysis to determine 
its safety. 

Connection at C/j. 

The pin-plates at this panel point are designed in a 
manner similar to that followed for Us. The des^ 
adopted, Plate II, provides abundant material. 



Art 21.— Design of Details at Ends of End Post 

Lovfer Extremity. 

The end connections of LoUi are not abutting, but 
pin-bearing. Hence all the stress in LaUi, 899,000 pounds, 
is transferred to the pin and from that to the pedestal plates. 

A I -inch plate bearing on a 7-inch pin can carry 7X 
i5,ooo>-ios,ooo pounds; therefore a 4.28-inch thickness 
of pin-plate is required for each jaw. There will then be 
added to the main web plates \ inch and A inch thick 
respectively, an outside f-inch lap-plate, a |-inch plate 
below this, and a A-inch plate over a J-inch filler. On 
the inside, next to the side-plate, there will be a A-inch 
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plate, and then a A-inch plate; tiiis gives a bearii^ thick- 
ness of 4i inches. The following rivets will be required 
in single shear for the various plates ; Plate II shows their 
distribution: 



Oiiulda Phtn. 


InidtPUm. 


paSiK!"f;;:;.;::;::: 


la riveU 




orivcti 










teCv.;::::::::::: 





Upper Extremity. 

The same thickness of 4} inches of fnn-plate is required 
at the upper extremity as at the lower, but a portion of 
this thickness will be formed of an inside diaphragm, pertly 
to avoid the inside pin-plates interfering with the web 
members, and partly for the sake of the additional stif&iess 
gained by this form of connection. 

The diaphragm will be composed of a H-inch web, with 
four 4 X 3i X i inch angles, built in the form of a vertical I. 
Two i-inch fillers and two A-inch plates will be added to 
the diaphr^m to bear on the pin. Pig. 8 shows clearly 
the dimensions of the pin-plates fastened to the sJde-plates. 
The computations need not be repeated here, it being 
remembered that one half the diaphragm plate thickness 
should be included in the thickness of one jaw. 

End Conneaion of U1U3. 

The connection of V1U2 at I/i is designed in precisely 
the sEime manner as the end post connection at U\. The 
stress in one jaw is 439,000 poimds, and 4.1 inches is the 
thickness of pin-plates required. An inside diaphragm 
will again be used, and Fig. 8 shows clearly the sections 
adopted. 
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Since the end post and U1U2 are not riveted tt^ether it 
is usual to allow a small clearance between them for ease 
in erection. Fig. 8 shows the clearance adopted. 



It will be seen that open joints are subject to a bettor 
defined anal3^is than abutting joints, but they form a 
heavier, more cumbersome, and less r^d connection. 



Art. 32. — ^Bending of Pins. 

Lower Chord Packing. 

Panel Point L%. 

The packii^ of pin L3 and the computations of the 
bendii^ moments in it will furnish characteristic opera- 
tions typical of all other cases. Fig. 9 shows the disposi- 
tion of the members meeting at La, the clearances, and 
distances between centres of adjacent pieces and the 
stresses carried by the pieces when L1L3 has its maximum 
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stress. The maximiun stresses in all the members meeting 
at one point are not concurrent, since they are caused 
by difEerent positions of the moving load. It becomes 
necessary to test each pin (i) with the maximum stresses 
existing in the web members, and (2) with the maximimi 
stresses existing in the chord members. (It is suflfidently 
accurate to assume that the same position of loadi:^ 
causes the maximimi stresses in the two' adjacent chord 
members or in the web members converging on the pin.) 




As a rule, the greatest pin-bending in the lower chord occurs 
with the greatest chord stresses, and in the upper chord 
with the greatest web stresses. 

The wind' load stresses in the lower chord may be 
n^lected as a factor in producing bending in the pins. 

Takii^ moments about the centre of each piece in Pig. 
9 in turn there is found: 
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The maximtun moment, therefore, occura at e and is 
equal to 



^383,000' + 330,000' - 505,000 inch-pO(inds. 

The allowed unit bending stress is 18,000 pounds per 
square inch, and the bending resistance of a 7-inch pin 
is 606, lOQ inch-pounds. The packing at this point is, 
therefore, satisfactory. 

If the bending be computed when L^Ui has its maxi- 
mum stress, the vertical component of which is 166,000 
pounds, it is seen that the vertical moment would be in- 
creased slightly, but the horizontal moment would be more 
than correspondingly decreased. The maximum bending 
moment on the pin occurs in this case, therefore, with the 
maximtmi chord stress. 

Other panel points in the lower chord are treated in 
precisely the same manner' Plate II shows the packings 
employed. 

Upper Chord Packing. 

Panel Point t/j. 

The packing at panel point Ua may be assumed charac- 
teristic of the entire upper chord; F%. 10 shows clearly 
the spacing and also the stresses in the different parts, 
when UtMt takes its maximtun stress. Since the two 
chord members UiUi and UiUt are abutting and as there 
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is practically no eccentricity between them, the resultant 
stress in the web members t/iLj and C/aM* is entirely 
resisted by UtV*, the horizontal and vertical components 
of which are easily found graphically. 

The maximum stress in UzMt is + 294,000 pounds, and 
the concurrent stress in t/sLg is — 86,000 pounds. 

The side-plates of the chord form the supports of the 
ends of the pin, the centre of the supporting forces being 



at the centre of the plates, as shown in Fig. 10. The 
members causing the bending in the pin are UtM^ and 
U3L3, the stress in the latter, —86,000 potmds, being 
wholly vertical. The horizontal and vertical components 
of the stress in one half of UtMi are: 

H. — + 107,000 pounds 

Pig. 10 shows that the bending moment in the central 
portion of the pin is then composed of , 

Hot. iiiom.~ i07,oooXiA~"ii°oo iach-pounda 

Vert. " — 99,oooXaA~ 43,000X3! — 48,000 inch-pouodi 
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Hence the resultant moment is 



V33i,ooo^ + 48,ooo*--a26,ooo inch-poimds. • 
The allowed bending resistance of a 6-inch pin is 318,000 
inch-pounds. A 6-inch pin is therefore satis^ictory at l/g. 
Other upper chord panel points are investigated in 
exactly the same manner. It is desirable to repeat the 
operations in detail for that panel point only at the upper 
extremity of the end posts (Pig. 11), and this point will be 




investigated for that position of loading which causes the 
maximum stress in U1L3; the following table shows the 
components of the direct stresses in the members meet- 
ing at Ui for that condition of loading: 



U,L, 



+ 50,000 pounds 
+ 330,000 ■ ■' 



Hoflioiital CotDpaimata. 
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No essential error will be introduced if it be assumed 
that there is no eccentricity in the line of action of L^Ui 
(the 'end post) and UiUr The resulting differences 
between their stresses may therefore be taken exactly 
along their centre Unes; a part of this stress is carried 
by the diaphragm; in this case about 34 per cent. P^. 11 
shows the stresses carried at one half of the panel point. 

The resultant moments in inch-pounds are as follows: 






CentK Hoe of tr 



t 4iSi<x» 

J 34S.OOO 
I 99.SOO 



The allowed bending resistance of a 7-inch pin is 606,100 
inch-pounds; and this pin therefore satisfies the require- 
ments at Ui. 

Art 33.— Camber. 

f 107. AU bridges skail be cambered by giving the pamls 
of the top chord an excess of let^th in the proportion of ^ inch 
to every 10 feet. 

In accordance with this specification the following 
table shows the original let^ths and the changed lengths 
of the upper chord members. It is seen that the end 
post is not changed in length. 
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-No changes are made in the lei^ths of the main web 
members, their final lengths being the same as if no changes 
had been made in the lengths of the upper chord members. 

The stretching of the lower chord panels makes it 
necessary to increase the lengths of M^M^ and MiMt to 
an amount equal to half that stretch. The final lei^h of 
each of these members will then be 39 feet sA inches. 

Art 34. — Conclndon. 

The principles outlined indicate a sjrstem of rational 
treatment for the design of all parts of a modem truss 
bridge. It is obvious that a wide range of treatment of 
details is permissible in securing the above results, and 
those given here are subject to this general observation. 
Other details of equal efficiency might be deigned but 
those given are at least as effective as others which might 
have been used and have served the purpose of illustration 
at least as well. 

A carefully made bill of materials with the resulting 
computation of weights would show that the total shipping 
we^ht of this 350-foot single track through span mjuld 
be 821,000 pounds. 
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Spoodrel-braced arch i>8 

Stresses, chord, in railroad bridge 180 

, in roof-truss, both ends fastened. 33 

, one end on rollers. 3S 

, itiiliiwtr* lines for, cantilever. 134 

, simple bridge, trusses. 74 cf wf 

, three-hinged arch 136, 140 

, web. 181 

, wind, in railroad bridge 184 

Stringers, design of 306 

Subdivided panels, treatment of. 103 

Substitution of diagonals (Pink truss) 45 

Suspension-bridge cable, funicular polygon as. so 



Three-hinged ardL ti6 

, deflection of. 173 

, influence line for chord members. 13G 

reactions. 133 

web memben 140 



, reactions of. 13S 

Thrust, in three-hinged arch 130 

, mftxifnum, in three-hinged arch. ...,...,.,.,»......,........ 135 

- Tower, cantilever on. 156 
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Unsymmetrical trusses 46 

Upper chord members, design of .... 188 

lateral wind bracing, design of 318 

.stresses in .83 



Variation of influence line within a panel 78 

s witliin a panel 83 



Web member, counter, design of 200 

, criterion for maximum stress, simple truss 97 

, influence line, cantilever 

, simple truss. g i 

, three-hinged arch 140 

, main, design of 199 

, stress in, any simple truss 88, 1 17 

, double-intersection truss. 124 

, skew bridge iig 

, truss with parallel chord 74 

subdivided ijanels 105 

Weight of railroad bridge 178 

of roof covering for roof-trusses 31 

of roof-truss 30 

Williot diagram, see Displacement. 

Wind bracing, design of lower. 221 

, speciRcations for 317 

Wind loads for roof.trusses 31 

Wind stresses in railroad bridge 183 
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